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ABSTRACT 
Age is associated with alterations in sensation and cognition, but little is known of 
how sensory-cognitive interactions change over time, especially during late middle age.  
This project examined the change in relations between sensation and cognition and their 
consistency with established models of neurocognitive aging.  Three studies examined 
associations between visual contrast sensitivity (CS), auditory pure tone acuity (PTA), 
and cognition among male twins from the Vietnam Era Twin Study of Aging (VETSA), 
who were assessed twice (VETSA 1, ?̅?𝑎𝑔𝑒 = 56, 𝑛 = 1,237, VETSA 2, ?̅?𝑎𝑔𝑒 = 62, 𝑛 =
1,016).   
Study 1 examined sensory relations, with the hypothesis of more and stronger 
correlations between CS and PTA at VETSA 2 than at VETSA 1 and a larger genetic 
correlation at VETSA 2 than at VETSA 1.  Heritability at VETSA 1 and VETSA 2 was 
significant for multiple CS and PTA frequencies, and heritability increased with age.  At 
VETSA 2, there were more shared genes between CS and PTA than at VETSA 1.   
Studies 2 and 3 examined sensory-cognitive associations.  The Study 2 
hypotheses of more and stronger associations between CS and cognition at VETSA 2 
than VETSA 1 were not supported.  Performance in five of nine cognitive domains was 
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correlated with low frequency CS at VETSA 1.  Four of these five correlations were 
significant at VETSA 2.  The Study 3 hypotheses of increasing associations between PTA 
and cognition also were not supported.  Low frequency PTA correlated with performance 
in six cognitive domains at VETSA 1 and in four at VETSA 2.  High frequency PTA and 
episodic memory significantly interacted with age.  Neither CS nor PTA was associated 
with cognition dependent on the sensory modality in which the cognitive tests were 
presented.   
The hypothesis that correlations between CS and PTA would increase with age 
was partially supported, and the hypothesis that correlations between sensory function 
(vision, audition) and cognition would increase with age was not supported, in both cases 
because these correlations were independent of age. The results did not follow a single 
established model of cognitive aging, supporting a model-agnostic approach to future 
aging research. 
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CHAPTER ONE:  General Introduction 
In the field of neurocognitive aging, the first documented research found no 
relation between cognition and sensory function, an association that is widely accepted 
today.  Sir Francis Galton (1883) was among the first to explore this area, and he 
examined the association between cognitive processing speed and the response to painful 
stimuli among individuals in the late phase of life.  Galton measured cognitive processing 
speed by presenting each participant with two horizontal rows of blocks of numbers.  
Each block was a 3x3 array of random single digit numbers.  One row was positioned 
above of the other.  Each participant was asked to order the numbers in the lower block 
according to the order in the upper block as quickly as possible.  To induce a painful 
stimulus, Galton submerged participants’ hands in either hot or cold water.  Through 
subjective observations, he concluded that sensory functioning and cognition were 
uncorrelated as people enter the elderly phase of life.  His finding later became the 
subject of scientific scrutiny because he came to this conclusion without having used any 
statistical procedure to test this hypothesis or empirically validated measures.  Wissler 
(1901) and Sharp (1899) also found no significant association between cognition and 
sensory functions among the elderly; but, like Galton, their studies lacked the scientific 
rigor to draw meaningful inferences.  Additionally, it was later surmised that their 
cognitive measures may have been too narrow to draw such broad conclusions of 
independence between sensory functions and cognition (Deary, 1994).  Wissler restricted 
his cognitive measures to short and long-term memory tasks; moreover, his measures 
were unstandardized and were not created with special attention to reliability and 
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validity.  In a similar non-rigorous fashion, Sharp (1899) measured processing speed by 
simply timing the speed at which participants could read a passage.  Although these early 
findings failed to provide scientifically meaningful information, their informal studies 
launched decades of scientific inquiry in sensory-cognitive aging. 
Since these early beginnings, it has been well established that the aging process 
adversely affects a number of sensory and cognitive functions.  Increasing our 
understanding of the neurocognitive aging process remains a significant public health 
issue.  Age-related declines in sensory functions often co-occur with declines in cognitive 
ability, as shown by a large number of cross-sectional studies (Anstey, Lord, & Williams, 
1997; Anstey, Luszcz, & Sanchez, 2001a; Anstey & Smith, 1999; Baltes & Lindenberger, 
1997; Lin et al., 2011; Lindenberger & Baltes, 1994; Salthouse, Hancock, Meinz, & 
Hambrick, 1996) and longitudinal studies (Anstey, Hofer, & Luszcz, 2003; Anstey, 
Luszcz, & Sanchez, 2001b; Baltes & Lindenberger, 1997; Ghisletta & Lindenberger, 
2005; Humes, Busey, Craig, & Kewley-Port, 2013; Humes & Young, 2016; Lindenberger 
& Baltes, 1994; Lindenberger & Ghisletta, 2009; MacDonald, Hultsch, & Dixon, 2003; 
Rönnlund, Nyberg, Bäckman, & Nilsson, 2005; R. Sekuler & Hutman, 1980; Singer, 
Verhaeghen, Ghisletta, Lindenberger, & Baltes, 2003; Valentijn et al., 2005).  Numerous 
models and hypotheses have been suggested to explain the observed declines in sensory 
functioning and cognition.  Six of the most prominent theoretical constructs are the 
Sensory Deprivation Model, the Perceptual Degradation Model, the Cognitive Load 
Model, the Cognitive Permeation Model, the Common Cause Hypothesis, and the 
Multiple Causes Hypothesis.  Each of these models is assumed to apply to vision and 
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audition, the two sensory modalities that have been most thoroughly examined.  The first 
two models, the Sensory Deprivation Model and the Perceptual Degradation Model posit 
a causal link between sensory functioning and cognition, in which declines in sensory 
functioning precede and are the direct cause of declines in cognition.  The Cognitive 
Load Model also asserts a causal link, but bidirectionally; declines in one domain cause 
declines in the other.  The remaining three models suggest a non-causal association 
between age-related declines in sensory functioning and cognition.  According to these 
latter three constructs, one or more tertiary processes influence both sensory functioning 
and cognition, effecting declines in cognition concomitantly with declines in sensory 
functioning.  
The Sensory Deprivation Model asserts that decreases in sensory input result in 
neuronal atrophy, which, in turn, negatively affects cognitive domains that are dependent 
on that sensory input (Lindenberger & Baltes, 1994). While researchers have shown that 
aging causes fewer dendrites, synapses, and neuronal fibers (Lemaitre et al., 2012; Ouda, 
Profant, & Syka, 2015), scientists have struggled to find data showing that this cortical 
atrophy is the direct cause of deficits in cognitive domains dependent on that sensory 
input.   
Researchers have used longitudinal methods to examine the connection between 
age-related cortical atrophy and age-related cognitive declines.  Lin and colleagues 
(2011) collected data from the Baltimore Longitudinal Study of Aging.  Their data 
spanned two waves of collection with an average of 6.4 years between each pair of waves 
(n = 347, ?̅?𝑎𝑔𝑒 = 71.0, SD = 7.2, female = 35.2%).  Their results demonstrated that 
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people suffering from hearing loss have an accelerated rate of whole brain atrophy, 
particularly in the right superior, middle, and inferior temporal gyri.  They were able to 
associate this pattern of atrophy to poorer performance on the Free and Cued Selective 
Reminding test (FCSR), the Stroop color-word interference test, and the Category 
Fluency test.  Whereas several of these cognitive functions are dependent on auditory 
input, Lin and colleagues found declines that were not dependent on auditory input as 
well, such as performance on the FCSR and the Stroop, which cannot be explained by the 
Sensory Deprivation Model.  Given evidence showing declines in cognitive domains that 
are not associated with affected sensory functions, it is likely that the link between 
sensory function and cognition is more complex than what this model predicts. 
 The Perceptual Degradation Model posits that chronic reduction in sensory input 
results in errors in higher-order cognitive processes (Humes et al., 2013; Monge & 
Madden, 2016).  While this model also requires sensory declines to precede changes in 
cognition, the causal mechanism does not include neuronal atrophy; rather, this model 
suggests that changes in cognition are due to incomplete sensory input.  Experimentally, 
sensory input can be manipulated to determine the effect of diminished input on cognitive 
domains (Monge & Madden, 2016).  While these methods can provide evidence of short-
term causality between sensory deprivation and cognition, it is unclear how these 
methods can be used to inform a valid model of neurocognitive aging.  The aging process 
requires a sustained association between sensory and cognitive functions, which implies 
that cognition declines as sensory functions decline.  It has indeed been shown that 
cognition can improve when the contrast of stimuli is increased for people suffering from 
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Alzheimer’s disease (Cronin-Golomb, Gilmore, Neargarder, Morrison, & Laudate, 2007; 
Gilmore, Cronin-Golomb, Neargarder, & Morrison, 2005).  While these experimental 
findings have shown a proximal association between sensory input and cognition, other 
findings have suggested that there are other processes that significantly influence the 
aging process (Anstey et al., 2003; Ghisletta & Lindenberger, 2005; Lin et al., 2013). 
 The Cognitive Load Model asserts that cognition naturally declines with age, and 
these declines in cognition are presumed to slow the rate at which higher-order processes 
can clear sensory input, ultimately resulting in a loss of top-down processing of sensory 
input (Li, Lindenberger, & Sikström, 2001; Lindenberger, Marsiske, & Baltes, 2000).    
This model also posits that cognitive load increases as a result of age-related declines in 
the quality of sensory input.  In both cases, the Cognitive Load Model claims that more 
attention is needed to process sensory input to compensate for these declines.  Many 
researchers have examined the effects of cognitive load on cognition through the 
implementation of dual task paradigms (Braver & Barch, 2002; Lavie, Hirst, De Fockert, 
& Viding, 2004; Li & Lindenberger, 2002); however, dual task experiments do not 
isolate the sensory components of the cognitive tasks, rather, they introduce additional 
sensory input to increase cognitive load.  Therefore, dual task paradigms are not suited to 
examine this model because they do assess cognition while modifying sensory input for 
the same cognitive task.  In theory, The Cognitive Load Model could be tested by 
measuring performance on multiple cognitive tasks that span both cognitive domains and 
sensory functions while modulating the quality of the sensory input for each cognitive 
task.  The Cognitive Load Model would predict that performance on the cognitive task 
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would decrease with a decrease in the quality of sensory input.  Stratifying a sample by 
age or conducting a longitudinal study could demonstrate that, as age increases, people 
are more likely to commit errors when the quality of the sensory input diminishes.  
Westbrook and colleagues (2013) caution researchers to use such a design to make direct 
inferences about the model’s validity because they argue that cognitive motivation is 
critical to measuring cognitive functioning, particularly when more attention is needed to 
compensate for suboptimal sensory information.  Rather than relying on subjective 
ratings of cognitive effort, the researchers developed the Cognitive Effort Discounting 
Paradigm, which asks participants to choose a low-effort task for a small monetary 
reward or a high-effort task for a larger monetary reward.  By utilizing a longitudinal 
approach with a more objective measure of cognitive effort, data may offer support of 
this model. 
The Cognitive Permeation Model suggests that the same resources are needed for 
cognition and sensory functioning, asserting a correlated association.  This model is 
similar to the Perceptual Degradation Hypothesis and the Cognitive Load Hypothesis, but 
it emphasizes the interactive nature of perception and cognition.  A higher demand for 
cognition may diminish sensory function, while increased attention to sensory processes 
would diminish the attention available for cognition (Baltes & Lindenberger, 1997; Li & 
Lindenberger, 2002; Lindenberger et al., 2000; Rabbitt, 1991; Schneider & Pichora-
Fuller, 2000).  A common methodology to examine this presumed relation between 
cognition and sensory functioning is the dual task paradigm, in which attention is divided 
between processing sensory input and a separate cognitive task (McDowd & Shaw, 
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2000).   Sekuler and colleagues (2000) used this methodology on a cross-sectional sample 
that ranged in age from 15-84 years old.  They stratified the sample by age, and each 
group had an age range of 10 years and consisted of between 20 to 33 participants.  For 
each participant, the researchers tested useful field of vision either alone or concurrently 
with a test of letter identification.  While performance on the central letter identification 
task declined under the dual-task relative to the single-task condition, older participants 
showed less impairment than younger participants under the dual task paradigm.  These 
results directly contradict what is expected by the Cognitive Permeation Model.  
According to this hypothesis, cognitive declines would be expected to be more 
pronounced among the elderly, and divided attention tasks would be even more 
challenging among elderly than younger cohorts.  These results suggest that the link 
between declines in sensory functioning and cognition may not necessarily be mediated 
by attention. 
 Lastly, the Common Cause Hypothesis and Multiple Causes Hypothesis stipulate 
that sensory and cognitive functions are correlated as age increases, though the 
mechanisms they suggest are different.  The Common Cause Hypothesis predicts that 
there is a common underlying biological factor driving the correlated declines in sensory 
functioning and cognition (Albers et al., 2015; Baltes & Lindenberger, 1997; 
Lindenberger & Baltes, 1994; Lindenberger & Ghisletta, 2009).  The Multiple Causes 
Hypothesis posits that there are distinct factors driving age-related declines in sensory 
functioning and these factors are different from factors affecting declines in cognition (Li 
& Lindenberger, 2002).  While the Common Cause Hypothesis has attracted the most 
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scientific attention, results have not been conclusive.  Some cross-sectional studies have 
confirmed correlated changes in sensory functions and cognition (Baltes & Lindenberger, 
1997; Salthouse et al., 1996), whereas other stratified cross-sectional studies have found 
age-related declines in sensory functioning and cognition to be independent of each other 
(Anstey et al., 2001b; Christensen, Mackinnon, Korten, & Jorm, 2001).  Longitudinal 
analyses have revealed a more complex relation between aging, sensory functioning and 
cognition.  Anstey and colleagues (2001b) analyzed 2,087 participants’ data from the 
Australian Longitudinal Study of Aging (?̅?𝑎𝑔𝑒 = 78.9, 𝑆𝐷 = 6.24).  They found that 
declines in visual acuity were associated only with decrements in memory, and poorer 
pure tone auditory thresholds were not related to declines in other measured cognitive 
domains, including processing speed and verbal ability.  Processing speed was measured 
by the Digit Symbol Substitution Test of the WAIS-R.  Measures of verbal ability 
included the Similarities subtest from the WAIS-R, the Boston Naming Test, and the 
National Adult Reading Test.  They concluded that the cross-sectional associations that 
were observed between sensory and cognitive functions were not supported by 
longitudinal patterns of aging. 
 Latent growth curve models have also failed to support the Common Cause 
Hypothesis (Ghisletta & Lindenberger, 2005).  Ghisletta and Lindenberger (2005) 
analyzed data from the first four waves of the Berlin Longitudinal Study of Aging (at 
inception total n = 516; age range = [70, 103]).   They found declining trajectories, within 
and across cognitive domains, that included perceptual speed and verbal knowledge.  
They also found significant declining trajectories associated with near and far visual 
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acuity.  Correlations between sensory and cognitive trajectories could not be fully 
explained by age; rather, they appeared to be better accounted for by a common latent 
factor.  These results appear to support the Common Cause Hypothesis; however, other 
latent growth modeling approaches have not provided consistent evidence showing that 
sensory functioning and cognition become increasingly related with age (Anstey et al., 
2003).  Researchers have not been able to clarify these complex neurocognitive changes 
with data clearly supporting a single model (Christensen et al., 2001; Lindenberger & 
Ghisletta, 2009).  Moreover, several models have been met with data that question central 
tenants of their theoretical constructs.  Rather than examining the validity of an individual 
model, it may be necessary to examine the relationship between sensory functioning and 
cognition to determine if it is better represented by a causal association or a non-causal 
association.  Future studies will then be able to build upon these results and adopt a 
model-agnostic approach that more accurately represents that neurocognitive aging 
process.  
Rationale for Examining Contrast Sensitivity 
Among sensory functions, contrast sensitivity (CS) has received considerable 
scientific attention.  CS is defined as the ability to distinguish an object from its 
background within the same field of view.  The CS threshold is the minimum amount of 
contrast needed to distinguish an object from its background.  The contrast threshold at 
which people are able to make this distinction varies by spatial frequency.  High CS 
thresholds indicate poorer contrast sensitivity.  Not only has a wealth of research shown 
that CS thresholds increase with age (Owsley, 2011), but CS is significantly related to 
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impairments in basic activities of daily living (ADLs) in older adults (Cormack, Tovee, & 
Ballard, 2000; Dargent-Molina, Hays, & Breart, 1996; Dunne, Neargarder, Cipolloni, & 
Cronin-Golomb, 2004; D. Elliott, Bullimore, Patla, & Whitaker, 1996; D. Elliott, Hurst, 
& Weatherill, 1990; Lord, Clark, & Webster, 1991).  Among a population-based sample, 
CS and visual acuity accounted for up to 57% of the variance in ADLs (West et al., 
2002).  Other data have suggested that impairments in CS are a better indicator of health-
related quality of life than is visual acuity among individuals with age-related macular 
degeneration (Bansback et al., 2006).  Researchers have also found that the ability to 
identify two objects in the same field of view is more strongly correlated with contrast 
sensitivity than with visual acuity.  For this reason, scientists have argued that contrast 
sensitivity is a more sensitive indicator of the visual system’s functioning than visual 
acuity (Schneider & Pichora-Fuller, 2000). 
Age-related reductions in CS have been attributed to both structural ophthalmic 
changes as well as changes in the central nervous system.  Artal and colleagues (1993) 
found that there are more changes in the pupil and lens as age increases, which partially 
explains increases in light scatter over the retina.  These findings have been replicated by 
Berrio and colleagues (2010).  Intraocular irregularities have been found to negatively 
impact CS (Feizi & Karimian, 2009).  Earlier data revealed two other age-related 
structural changes that affect CS:  pupillary miosis (Loewenfeld, 1979) and increased 
lens density (Pokorny, Smith, & Lutze, 1987; Said & Weale, 1959; Weale, 1961).  Both 
lead to diminished illuminance over the retina and poorer CS (Owsley, 2011).   
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 These structural changes only partially account for age-related declines in CS.  
With an innovative approach to control for intraocular structural changes, Elliot et al.  
(2009) used adaptive optics to control for structural characteristics.  They selected 10 
younger participants (?̅?𝑎𝑔𝑒 = 23.4, age range = [18, 29]) and 10 older participants 
(?̅?𝑎𝑔𝑒=75.9, age range = [65, 82]).  They hypothesized that if declines in CS were largely 
due to structural problems, they would see greater benefits from the adaptive optics with 
the older cohort when compared with the younger cohort.  Instead, they observed that 
using adaptive optics equally benefited both groups, while there remained a significant 
difference in CS between older and younger groups.  This led to the inference that 
underlying cortical changes must be partially responsible for these age-related declines.  
Therefore, examining the correlation between CS and cognition could provide further 
insight into neurocognitive aging. 
Rationale for Examining Pure Tone Auditory Acuity 
Decades of studies have shown that auditory acuity steadily declines with age.  
Cross-sectional (Gates, Feeney, & Mills, 2008; Lin et al., 2011) and longitudinal (Lin et 
al., 2013) studies have demonstrated significant correlations between pure tone sensitivity 
and age.  In a cross-sectional sample drawn from the Baltimore Longitudinal Study 
(BLS), Lin and colleagues (2011) analyzed data from 347 participants with an average 
age of 71 (SD = 7.2, 35.2% female).  They found that pure tone sensitivity was 
significantly associated with cognitive performance, suggesting that there may be an 
underlying connection between audition and cognition.  Because they lacked prospective 
data, they were not able to determine if audition is a predictor of cognitive aging or if 
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these two domains simply change in the same direction as a function of age.  In a more 
recent follow-up longitudinal study, Lin and colleagues (2013) found that hearing loss 
measured in the early 70s was associated with accelerated cognitive decline.  Other 
longitudinal studies have found that auditory pure tone sensitivity thresholds do in fact 
increase with age (Gerstorf, Smith, & Baltes, 2006).  Gerstorf and colleagues (2006) 
analyzed data at four time points spanning six years from 239 participants from the Berlin 
Aging Study (BASE).  They found that significant declines in scores on their overall 
cognitive measure were accompanied by significant declines in multiple sensory 
functions, including auditory acuity.  Researchers have suggested that degenerative 
processes in the auditory system, including the central nervous system, are responsible 
for these declines in auditory acuity (Gates & Mills, 2005; Huang & Tang, 2010). 
Presbycusis, or age-related hearing loss, results from a confluence of 
physiological and neurological changes.  As individuals age, it is common for the 
external auditory canal to partially or fully collapse and for the tympanic membrane to 
lose elasticity.  Howarth and Shone (2006) suggested that these physiological changes are 
the underlying mechanisms of age-related hearing loss.  Other studies have shown that 
there is significant cortical atrophy that is associated with presbycusis.  Guo et al., (2008) 
examined data from the Gerontological and Geriatric Population Study of Gothenburg 
(Steen & Djurfeldt, 1992).  Pooled longitudinal data were examined from 111 non-
demented women with an average age of 70 years.  Data were gathered from a Mini-
Mental State Exam (MMSE), audiometer, and computerized tomography (CT).  Hearing 
loss was defined as a significant difference between auditory thresholds for the two ears.  
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Cortical atrophy was significantly associated with hearing loss, particularly in the left ear.  
They did not find hearing loss to be associated with differential atrophy of the left or right 
hemisphere.  They suggested that auditory aging might be one of many byproducts of 
systemic cortical atrophy.  Their study had several limitations.  First, CT affords poorer 
spatial resolution than other imaging techniques, such as MRI.  The ability to 
differentiate regional cortical atrophy may have been affected by lower resolution.  
Second, their cohort was exclusively female, making it difficult to infer similar 
correlations among men of the same age.  Finally, although the results showed an 
association between presbycusis and cortical atrophy, the cross-sectional design did not 
permit them to assess whether the effects were a product of the aging process. 
More recently, Lin and colleagues (2014) sought to add detail to these findings by 
utilizing prospective data from the BLS.  They analyzed auditory acuity data and MRI 
volumetric data from 126 individuals who were between the ages of 56 and 86 (?̅? =
67.0, SD = 6.9) at baseline.  Their follow-up assessment was conducted 6.5 years later.  
When individuals with hearing impairments were compared to those with normal hearing, 
it was found that hearing declines were associated with reduction in whole brain volume.  
The investigators found that atrophy in the superior, middle, and inferior temporal gyri 
and parahippocampi were also associated with a decline in auditory acuity.  Together 
these findings suggest that both systemic and regional cortical atrophy are associated with 
age-related hearing loss. 
Complementing the evidence that presbycusis is correlated with generalized 
cortical atrophy, other results indicate that changes in regionally specific cortical areas 
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are associated with age-related hearing loss (Profant et al., 2014).  Researchers used MRI 
morphometry and diffusion tensor imaging (DTI) to investigate volumetric and functional 
differences between groups.  Their study consisted of a cohort of younger men and 
women with no presbycusis (𝑛 = 10, ?̅?𝑎𝑔𝑒 = 24.34, 𝑆𝐷 = 0.51), an older cohort with 
mild presbycusis (𝑛 = 17, ?̅?𝑎𝑔𝑒 = 67.9, 𝑆𝐷 = 0.45), and another older cohort with 
significant presbycusis (𝑛 = 17, ?̅?𝑎𝑔𝑒 = 70.38, 𝑆𝐷 = 1.18).  As expected, the group with 
significant presbycusis had worse auditory acuity than either the younger or older control 
groups.  When compared with the younger control group, nearly every structure 
measured in both groups was significantly smaller, including Heschl’s gyrus.  Hearing 
loss was associated with changes in white matter under Heschl’s gyrus.  Profant and 
colleagues’ (2014) methods allowed them to associate cortical atrophy with age because 
they included a younger control group in their study; however, they were not able to 
assess if presbycusis in the later stages of life might be predicted by changes in the 
auditory cortices in late midlife, before symptoms of age-related presbycusis become 
significantly impairing.  The researchers concluded that age-related hearing loss is not 
only due to structural changes within the ear, but also due to changes in the central 
nervous system.  Because of the evidence tying presbycusis to changes within the brain, 
the connection between pure tone acuity (PTA) and cognition is a focus of these analyses.   
I elected to use PTA to examine audition because declines in PTA are a 
significant public health issue.  In the United States in 2016 it was estimated that 23% of 
people older than 11-years suffer from impaired PTA in one ear, and 14% have 
impairments in both ears (Goman & Lin, 2016).  Three quarters, or approximately 5 
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million of these individuals, are at least 60 years old.  PTA is significantly related to the 
ability to understand speech (Ayasse, Lash, & Wingfield, 2017; Morrell, Gordon-Salant, 
Pearson, Brant, & Fozard, 1996), and PTA impairments are significantly associated with 
quality of life and healthy aging (Joo, Han, & Park, 2015).  Diminished PTA is associated 
with the risk of cardiovascular disease and all-cause mortality (Fisher et al., 2014).  In 
2007 it was estimated that the lifetime cost of managing impaired PTA was $43,000 per 
person (Bainbridge & Wallhagen, 2014), and excess medical costs have been estimated to 
be over $12.8 billion per year (Huddle et al., 2017). 
Outline of Dissertation 
 This dissertation describes the associations between vision, audition, and 
cognition among adults in late middle age from the Vietnam Era Twin Study of Aging 
(VETSA).  With a large representative sample, narrow age range limited to late middle 
age, extensive cognitive assessments, and longitudinal data, VETSA is well positioned to 
allow examination of these complex associations.  There are three studies that comprise 
this thesis.  Study 1 examined the association between vision and audition.  Study 2 and 
Study 3 focused on the associations between cognition and each sensory function:  visual 
contrast sensitivity (Study 2) and pure tone auditory acuity (Study 3). 
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CHAPTER TWO: Association of Visual Contrast Sensitivity with Auditory Acuity 
Introduction 
Hearing and visual functioning decline with age (Gadkaree et al., 2016).  While 
many studies have examined the associations of each individual sensory function and 
age, few have focused on the correlations between hearing and visual functioning within 
the context of aging.  Recent studies suggest that these two sensory functions do not 
decline independently; rather, there exist significant associations between them, which 
warrant closer examination.  Using 276 participants from the Baltimore Longitudinal 
Study, Gadkaree and colleagues (2016) cross-sectionally examined the correlations 
between age and multiple sensory functions.  Their results showed that declines in visual 
acuity occur concomitantly with declines in hearing.  After controlling for age, they 
concluded that these declines cannot be exclusively explained by age; rather, there may 
exist some other underlying mechanism contributing to the correlated declines in these 
sensory functions (Gadkaree et al., 2016). 
Understanding the correlated association between hearing and visual functioning 
is a significant public health issue.  Recent evidence has highlighted that the correlation 
between hearing and visual functioning is significantly predictive of quality of life (Wahl 
et al., 2013) and mortality (Fisher et al., 2014).  Wahl and colleagues (2013) examined 
data from 280 outpatients from several sites around Germany.  They divided their sample 
into the following four groups:  visual impairment (𝑛 = 121, ?̅?𝑎𝑔𝑒 = 82.60, 𝑆𝐷 = 4.63), 
hearing impairment (𝑛 = 116, ?̅?𝑎𝑔𝑒 = 82.69, 𝑆𝐷 = 5.08), dual impairment (𝑛 =
43, ?̅?𝑎𝑔𝑒 = 83.37, 𝑆𝐷 = 4.51) and sensory unimpaired (𝑛 = 15, ?̅?𝑎𝑔𝑒 = 82.26, 𝑆𝐷 =
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4.50).  In addition to measures of sensory functioning, they also assessed cognitive 
functioning, physical health, well-being, self-regulation, social relationships and 
loneliness, and everyday functioning.  They used cross-sectional analysis of variance to 
determine if there were significant differences in how each of their measures related to 
their sensory groups.  They found significant differences between the groups with regard 
to successful aging (defined by no psychosocial impairments); additionally, the dual-
impairment group had the most impairments on measures of everyday functioning. 
Evidence has also linked correlated impairments in vision and hearing to 
mortality.  Fisher and colleagues (2014) studied the association between visual acuity, 
pure tone acuity and cardiovascular disease (CVD) and mortality.  Their sample consisted 
of 4,926 participants (?̅?𝑎𝑔𝑒 = 76.4, 𝑆𝐷 = 5.5, 𝑀𝑎𝑙𝑒 = 43.1%)  from the Reykjavik 
Study.  Every participant had provided hearing and vision data between 2002 and 2006.  
All cause mortality and CVD data were collected approximately five years later from the 
Icelandic Heart Association.  They created four groups to classify sensory impairments:   
(1) no impairment or mild impairment or impairment on one side, (2) visual impairment 
only, (3) auditory impairment only, or (4) dual sensory impairment.  Among their results, 
they found that the hearing-impaired group was significantly more at risk for developing 
CVD later in life, and this effect remained even after adjusting for age.  They also found 
that those suffering from impairments in both vision and hearing were more at risk for 
death from any cause, and this was particularly true among men (Fisher et al., 2014). 
Comorbid impairments in hearing and vision have been linked to impaired 
psychosocial functioning and mortality.  Up until 2013, prevalence estimates had been 
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based on examining these sensory functions separately.  Swenor and colleagues (2013) 
sought to estimate the prevalence of dual impairments in both audition and vision.  They 
analyzed data from the National Health and Nutritional Examination Surveys, a 
nationally representative sample of non-institutionalized adults, and they estimated that 
1.5 million people between 1999 and 2006 were suffering from impairments in both 
hearing and visual functioning.  This number of people suffering from dual sensory 
impairments underlines the importance of examining the association between these 
sensory functions within the context of aging.  This study focuses on the midlife period 
with the aim of developing a better understanding of sensory functions before people 
reach late life. 
 This study examined the phenotypic and genetic relation between pure tone 
auditory acuity and visual contrast sensitivity.  The analyses specifically focused on a 
cohort in late middle age and explored this relation using three methods.  First, I 
examined these associations cross-sectionally at age 56 and again at age 62 to determine 
how these domains were associated at each age.  Next, I used longitudinal models to 
determine if the correlations between these domains significantly changed with age.  
Finally, I employed univariate and bivariate biometric models to estimate genetic and 
environmental influences for each sensory modality.  Genetic and environmental 
correlations between sensory functions were determined with bivariate models.  I 
hypothesized that there may be shared genetic influences operating on visual contrast 
sensitivity and auditory acuity and that the shared influences might be greater at a mean 
age of 56 than at a mean age of 62, which would parallel predictions of the Common 
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Cause Hypothesis.  The Common Cause Hypothesis posits that sensory functioning and 
cognition are correlated, and this correlation increases as age increases as the same genes 
influence both sensory functioning and cognition (Albers et al., 2015; Baltes & 
Lindenberger, 1997; Lindenberger & Baltes, 1994; Lindenberger & Ghisletta, 2009).  
With a common underlying biological component driving neurocognitive aging, it also 
would follow that this hypothesis would predict that sensory functions would be 
correlated with age and arise from action of the same genes. 
Methods 
Participants 
The Vietnam Era Twin Study of Aging (VETSA) is an ongoing, longitudinal 
study examining physiological and cognitive changes among male twins starting at mid-
life.  The goals, methods, and sample characteristics of VETSA have been previously 
described (Kremen et al., 2006; Kremen, Franz, & Lyons, 2013).  Participants were 
randomly recruited from the 3,322 male twin pairs ages 51-59 from a 1992 study of 
psychological health that enrolled over 8,000 Vietnam Era Twin Registry (VETR) 
participants (Tsuang, Bar, Harley, & Lyons, 2001).  The data analyzed in the present 
study came from the first two waves of data collection (VETSA 1 and VETSA 2), which 
were separated by approximately 6 years.  VETSA 1 data were collected from 1237 
participants between 2003 and 2007, and VETSA 2 data collection was conducted 
between 2009 and 2013.   In VETSA 2, another 54 participants were recruited who, at 
that time, were the same age as the VETSA 1 participants during the first wave of data 
collection.   These 54 additional participants and the original VETSA 1 participants 
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underwent the same protocol, which included assessments of cognitive, sensory, 
personality, psychosocial, health, and biomedical measures.  Participants travelled to 
either Boston University (BU) or the University of California, San Diego (UCSD) for 
testing.  The sites maintained identical testing procedures, and scoring and testing 
protocols were routinely compared to maintain internal reliability.  1,016 twins were 
reassessed in VETSA 2, yielding an 18% rate of attrition.   
Participant characteristics are shown in Table 13 in the Appendix.  In VETSA 1 at 
average age 56 years, 78.7% were married, 5.5% single, 1.5% widowed, not remarried, 
1.1% separated, and 13.2% were divorced, not remarried; 86.8% were non-Hispanic 
white. The mean education level at age 56 was 13.9 years (SD = 2.1; age range = [51, 
60]).   
Participants are Vietnam era, not necessarily Vietnam War, veterans.  Nearly 80% 
of VETSA participants reported no combat experiences.  Demographic comparisons have 
indicated that the VETSA sample has strong demographic and lifestyle similarities to 
Census/Centers for Disease Control and Prevention data for like-aged men (e.g., 
education, income, marital status, employment, diabetes, obesity, and hypertension) 
(Schoeneborn & Heyman, 2009) (see Table 13 in the Appendix).  The studies were 
approved by the Boston University and University of California, San Diego Institutional 
Review Boards. 
Pure Tone Acuity Assessment 
PTA was assessed using a Maico M41 Audiometer (Maico Diagnostics, Eden 
Prairie, MN).  Five frequencies were measured in both VETSA 1 and VETSA 2 (250Hz, 
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500Hz, 2000Hz, 4000Hz, and 8000Hz).   Measurement procedures were conducted in 
accordance with the International Organization for Standardization for measuring Pure 
Tone Acuity (“Guidelines for manual pure-tone threshold audiometry,” 1978; Harrell & 
Katz, 1978; ISO 8253-1, 1989).  Data for each ear were aggregated into low (average of 
250Hz and 500Hz), middle (2000Hz), and high (average of 4000Hz and 8000Hz) groups.  
Using standard clinical conventions, normal hearing was defined as the ability to hear all 
frequencies at or less than 15 dB (Harrell & Katz, 1978). 
Contrast Sensitivity Assessment 
CS was assessed using the Functional Acuity Contrast Test (FACT) (Ginsburg, 
1984).  Although CS is distinct from visual acuity, uncorrected impairments in visual 
acuity can affect performance at the high frequencies of the CS test.  For this reason, 
participants were instructed to wear their glasses or contact lenses if they normally 
required them.  Participants were provided glasses if they needed them but did not have 
their own.  The participants viewed the chart binocularly while standing 10 feet away.  
The test was conducted according to the standard procedures associated with the measure 
(Ginsburg, 1984).  The stimulus chart consists of a 9 by 5 array of circles.  Beginning 
with the left column, contrast decreased monotonically with a range of .602 to 2.255 
(.59%–25% Michelson contrast) and a log step increment range of 0.109–0.176 (SD = 
.014). With each row, gratings increased in spatial frequency from 1.5 to 18 cycles per 
degree (cpd).  The gratings in each circle were oriented either vertically, tilted 15º to the 
left or 15º to the right.  For each circle, the participant verbally indicated the direction of 
the grating.  CS was determined for each spatial frequency by finding the minimal 
  
22 
perceptible contrast level needed to correctly identify the orientation of the grating for a 
given row.  Michelson contrast scores were aggregated into low mean (1.5-3.0 cpd), 
middle (6.0 cpd), and high mean (12.0-18.0 cpd) spatial frequencies.  Higher Michelson 
contrast scores at each spatial frequency indicate better CS.   
Data Analysis 
The first step in my analyses examined the cross-sectional correlations between 
CS and PTA at VETSA 1 and again at VETSA 2 with linear mixed models.   Following 
these cross-sectional analyses, I used longitudinal mixed models with an interaction 
between PTA and age to determine if the associations between PTA and the response 
variable, CS, grows stronger with age.   Intra-twin pair clustering was adjusted by using a 
random intercept by twin-pair ID.  The longitudinal mixed models also included a 
random slope for participant ID to adjust for artificially deflating standard errors, and all 
variables were standardized.  Analyses were performed using R version 3.2.1 (R Core 
Team, 2015) with the lme4 package (Bates, Maechler, Bolker, & Walker, 2013).  Age 
was included as a covariate in all cross-sectional analyses.  Ethnicity was also included as 
a dichotomous variable (white, non-Hispanic versus other).   
For both cross-sectional and longitudinal models, degrees of freedom and p-
values were computed using the Welch-Satterthwaite approximation (Satterthwaite, 
1946; Welch, 1947) with the lmerTest package in R (Kuznetsova, Brockhoff, & 
Christensen, 2015).  Having examined these cross-sectional and longitudinal correlations, 
I computed heritability ( ℎ2) estimates using univariate ACE models, in which A is the 
additive genetic component, C is the common environmental influence, and E, which 
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includes error and the influence of the environment that is not shared by twins.  The 
heritability is the proportion of phenotypic variance that can be explained by genetic 
influences.   
Thus,  
ℎ2 =
𝐴
𝐴 + 𝐶 + 𝐸
 
By imposing the constraint that MZ twins share 100% of their genetic material and DZ 
twins share approximately 50% of their genetic material, the above expression can be re-
written as follows: 
ℎ2 = 2 (
(𝐴 + 𝐶) − (0.5𝐴 + 𝐶)
𝐴 + 𝐶 + 𝐸
) 
= 2 (
𝑐𝑜𝑣 (𝑀𝑍) − 𝑐𝑜𝑣 (𝐷𝑍)
𝑣𝑎𝑟 (𝐵𝑒𝑡𝑤𝑒𝑒𝑛 𝑇𝑤𝑖𝑛 𝑃𝑎𝑖𝑟𝑠)
) 
Finally, genetic correlations were estimated using bivariate analyses.  Goodness of fit was 
determined with a chi-square likelihood ratio test comparing each respective model to the 
saturated model.  Biometric analyses were done using the OpenMX 2.0 package (Neale et 
al., 2015).  Significant heritability estimates were indicated by 95% confidence intervals 
that did not include zero.   
Results 
 I conducted my analyses in two steps.  First, I examined the cross-sectional and 
longitudinal association between CS and PTA at VETSA 1 and again at VETSA 2.  
Second, I examined the heritability of each sensory function as well as the genetic 
correlation between each sensory function pair.  Results are displayed in that order. 
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Cross-sectional and Longitudinal Results 
There were no significant correlations between low, middle, or high spatial 
frequencies of CS and any PTA frequency for VETSA 1.  For VETSA 2, there were two 
significant associations.  Middle spatial frequency of CS was significantly associated 
with low frequency PTA (𝛽 = −0.1, 𝑝 < 0.03) and high frequency PTA (𝛽 =
−0.06, 𝑝 < 0.03).  Longitudinally, the interaction between the low spatial frequency of 
CS and mean age was significantly related to all three PTA frequencies.  Specifically, the 
low frequency PTA by age interaction was significantly related to low CS spatial 
frequency (𝛽 = −0.06, 𝑝 < 0.03).  The middle frequency PTA by age interaction was 
significantly related to the low CS spatial frequency (𝛽 = −0.07, 𝑝 < 0.02).  The high 
frequency PTA by age interaction was significantly related to the low CS spatial 
frequency (𝛽 = −0.04, 𝑝 < 0.02).  These results suggest that the correlation between 
low spatial frequency CS and pure tone acuity gets significantly stronger as individuals’ 
mean age increases from 56 to 62.  The directions of each of these significant effects 
indicate that these correlations between low spatial frequency of CS and all PTA 
frequencies get stronger between a mean age of 56 and a mean age of 62.  There were no 
additional cross-sectional or longitudinal significant correlations between any other 
frequency categories at VETSA 1 or VETSA 2. 
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Low Spatial Frequency Contrast Sensitivity (1.5-3.0 cpd) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n excluded) β (SE) q n (n excluded) β (SE) q n (n excluded) β (SE) q 
Low Auditory Frequency 1176(115) 0.01 (0.02) 0.679 943(75) -0.05 (0.03) 0.089 2119(190) -0.06 (0.03) 0.038 
Middle Auditory Frequency 1173(118) 0.03 (0.02) 0.667 943(75) -0.01 (0.03) 0.673 2116(193) -0.07 (0.02) 0.002 
High Auditory Frequency 1171(120) -0.02 (0.03) 0.667 942(76) -0.06 (0.03) 0.089 2113(196) -0.04 (0.02) 0.038 
Table 1.  Cross-sectional and Longitudinal Mixed Model Analyses of Low Spatial Frequency and Pure Tone Acuity 
Degrees of freedom and p-values were computed using the Welch-Satterthwaite approximation.  All domain significance tests 
were corrected with the False Discovery Rate Correction, rendering q-values.  In the cross-sectional analyses, n corresponds to 
the number of participants, whereas the n in the longitudinal analyses indicates the number of observations. 
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Middle Spatial Frequency Contrast Sensitivity (6.0 cpd) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n excluded) β (SE) q n (n excluded) β (SE) q n (n excluded) β (SE) q 
Low Auditory Frequency 1179(112) -0.03 (0.02) 0.488 941(77) -0.1 (0.03) <.001 2128(181) -0.06 (0.03) 0.083 
Middle Auditory Frequency 1176(115) 0.01 (0.02) 0.666 941(77) -0.04 (0.03) 0.189 2125(184) -0.04 (0.02) 0.128 
High Auditory Frequency 1174(117) -0.02 (0.03) 0.5 940(78) -0.06 (0.03) 0.037 2122(187) -0.02 (0.02) 0.201 
Table 2.  Cross-sectional and Longitudinal Mixed Model Analyses of Middle Spatial Frequency and Pure Tone Acuity 
Degrees of freedom and p-values were computed using the Welch-Satterthwaite approximation.  All domain significance tests 
were corrected with the False Discovery Rate Correction, rendering q-values.  In the cross-sectional analyses, n corresponds to 
the number of participants, whereas the n in the longitudinal analyses indicates the number of observations. 
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High Spatial Frequency Contrast Sensitivity (12.0-18.0 cpd) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n excluded) β (SE) q n (n excluded) β (SE) q n (n excluded) β (SE) q 
Low Auditory Frequency 1157(134) -0.01 (0.02) 0.808 904(114) -0.05 (0.02) 0.088 2069(240) -0.05 (0.03) 0.091 
Middle Auditory Frequency 1154(137) 0.01 (0.02) 0.808 904(114) 0.01 (0.03) 0.726 2066(243) -0.03 (0.02) 0.204 
High Auditory Frequency 1152(139) 0 (0.02) 0.863 903(115) -0.02 (0.03) 0.726 2063(246) -0.03 (0.02) 0.091 
Table 3.  Cross-sectional and Longitudinal Mixed Model Analyses of High Spatial Frequency and Pure Tone Acuity 
Degrees of freedom and p-values were computed using the Welch-Satterthwaite approximation.  All domain significance tests 
were corrected with the False Discovery Rate Correction, rendering q-values.  In the cross-sectional analyses, n corresponds to 
the number of participants, whereas the n in the longitudinal analyses indicates the number of observations. 
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The next step estimated the heritability, ℎ2, of each sensory domain at VETSA 1 
and again at VETSA 2.  Fitting univariate ACE models, I computed 12 heritability 
estimates, 6 for VETSA 1 and 6 for VETSA 2.  At VETSA 1, I found that all three 
heritability estimates for CS were significant, indicating that a significant proportion of 
the variance in CS is explained by genes.  At VETSA 1, the heritability estimates for low 
spatial frequency was 0.26 (95% 𝐶𝐼 = [0.07, 0.35], for middle spatial frequency it was 
0.29 (95% 𝐶𝐼 = [0.01, 0.37]), and for high spatial frequency it was 0.28 (95% 𝐶𝐼 =
[0.13, 0.37]).  When I refit the univariate ACE model to the CS data at VETSA 2, I found 
that only the high spatial frequency had a significant genetic influence of 0.35 
(95% 𝐶𝐼 = [0.13, 0.45]), which is an increase from 0.28 (95% 𝐶𝐼 = [0.13, 0.37]) at 
VETSA 1. 
In addition to heritability estimates, the univariate models also provided estimates 
for influences from the common environment (C), and the unique environment (E).  
While none of the common environmental estimates were significant, all of the unique 
environmental estimates were significant for VETSA 1 and VETSA 2.  For the low 
frequency CS category, the E estimate was 0.74 (95% 𝐶𝐼 = [0.65, 0.84]).  For the 
middle CS group the unique environmental estimate was 0.71 (95% 𝐶𝐼 = [0.63, 0.81]), 
and the high CS group had a significant estimate of 0.72 (95% 𝐶𝐼 = [0.63, 0.82]).   
Each of the PTA frequency categories also showed significant contributions from 
the unique environment at VETSA 1.  Specifically, the low frequency PTA category had 
a significant unique environmental estimate of 0.48 (95% 𝐶𝐼 = [0.41, 0.56]).  The 
middle frequency PTA category was significantly influenced by unique environmental 
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elements with an estimate of 0.38 (95% 𝐶𝐼 = [0.32, 0.45]).  Finally, the high frequency 
PTA category had a significant unique environmental estimate of 0.34 (95% 𝐶𝐼 =
[0.28, 0.40]). 
 I repeated the above process to generate heritability estimates for PTA.  At 
VETSA 1, the genetic influence on the low frequency PTA was 0.52 (95% 𝐶𝐼 =
[0.41, 0.59]), the genetic influence on the middle frequency PTA was .62 (95% 𝐶𝐼 =
[0.49, 0.68]), and the genetic influence on the high frequency PTA was 0.66 (95% 𝐶𝐼 =
[0.57, 0.72]).  Again, I refit the univariate ACE model to each PTA frequency at VETSA 
2 to compute heritability estimates of data at the second time point.  At VETSA 2, the 
heritability estimate for the low frequency PTA was 0.60 (95% 𝐶𝐼 = [0.40, 0.67]), the 
heritability estimate was 0.62 (95% 𝐶𝐼 = [0.43, 0.68]) for the middle frequency PTA, 
and there was a heritability estimate of 0.72 (95% 𝐶𝐼 = [0.48, 0.77]) for high frequency 
PTA. 
Similar to the univariate estimates for the VETSA 1 data, there were no 
significant estimates for common environmental influence at VETSA 2.  All unique 
environmental estimates were significant.  For the low frequency CS category, there was 
a significant unique environmental estimate of 0.78 (95% 𝐶𝐼 = [0.67, 0.89]).  The 
middle frequency CS category had a significant estimate of 0.77 (95% 𝐶𝐼 =
[0.67, 0.89]), and the high frequency CS category had a significant unique environmental 
influence of 0.65 (95% 𝐶𝐼 = [0.55, 0.76]).   
Each PTA frequency also was significantly influenced by unique environmental 
factors.  Specifically, the low frequency PTA category had a significant estimate of 0.38 
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(95% 𝐶𝐼 = [0.32, 0.46]).  The middle frequency PTA category was significantly 
influenced by unique environment with an estimate of 0.38 (95% 𝐶𝐼 = [0.32, 0.46]), and 
the high frequency PTA category had a significant unique environmental influence of 
0.28 (95% 𝐶𝐼 = [0.23, 0.34]).  Table 4 summarizes the univariate results for VETSA 1 
and VETSA 2. 
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Univariate ACE Path Estimates at VETSA 1 and VETSA 2 
VETSA 1 VETSA 2 
  
Additive 
Genetic 
Influences 
Common 
Environmental 
Influences 
Unique 
Environmental 
Influences 
Additive 
Genetic 
Influences 
Common 
Environmental 
Influences 
Unique 
Environmental 
Influences 
CS-Low 
0.26 0.00 0.74 0.22 0.00 0.78 
[0.07, 0.35] [0, 0.15] [0.65, 0.84] [0, 0.33] [0, 0.19] [0.67, 0.89] 
CS-Mid 
0.29 0.00 0.71 0.23 0.00 0.77 
[0, 0.37] [0, 0.23] [0.63, 0.81] [0, 0.33] [0, 0.24] [0.67, 0.89] 
CS-High 
0.28 0.00 0.72 0.35 0.00 0.65 
[0.13, 0.37] [0, 0.12] [0.63, 0.82] [0.13, 0.45] [0, 0.18] [0.55, 0.76] 
PTA-Low 
0.52 0.00 0.48 0.60 0.00 0.40 
[0.41, 0.59] [0, 0.08] [0.41, 0.56] [0.4, 0.66] [0, 0.18] [0.34, 0.48] 
PTA-Mid 
0.62 0.00 0.38 0.62 0.00 0.38 
[0.49, 0.68] [0, 0.11] [0.32, 0.45] [0.43, 0.68] [0, 0.16] [0.32, 0.46] 
PTA-High 
0.66 0.00 0.34 0.72 0.00 0.28 
[0.56, 0.72] [0, 0.08] [0.28, 0.4] [0.48, 0.77] [0, 0.23] [0.23, 0.34] 
Table 4.  Univariate standardized path estimates for Contrast Sensitivity and Pure Tone Acuity at VETSA 1 and 
VETSA 2. 
These path estimates are standardized.   Thus, they are interpreted as the proportion of variance in the sensory function that can 
be explained by each of the factors.  By this definition, Additive Genetic Influences is synonymous with heritability.  
Significance is based on 95% confidence intervals.  Significant results are bolded.
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Following the univariate analyses, I fit bivariate ACE models to these data to examine the 
genetic correlation between these sensory domains at VETSA 1  and again at VETSA 2.   
 
 
Figure 1.  Bivariate ACE Path Diagram 
Path diagram bivariate ACE model.  The A-corr path corresponds to the genetic 
correlation between the two sensory functions.  The C-corr path corresponds to the 
correlation between common environmental influences, and the E-corr path corresponds 
to the correlation among unique environmental influences. 
Goodness of fit was measured by comparing the chi-square of each model with a 
likelihood ratio test.  None of the genetic correlations at VETSA 1 were significant, 
whereas 4 of the 9 relationships at VETSA 2 had genetic correlations that were 
significant.  Specifically, the relation between low frequency CS and low frequency PTA 
had a genetic correlation of -0.08 (95% 𝐶𝐼 = [−0.15, −0.01]).  The genetic correlation 
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between the middle frequency CS and the low frequency PTA was -0.14 (95% 𝐶𝐼 =
[−0.21, −0.07]).  The genetic correlation between the middle frequency CS and high 
frequency PTA group was -0.09 (95% 𝐶𝐼 = [−0.16, −0.02]).  Lastly, the genetic 
correlation between the high frequency CS and the low frequency PTA was -0.10 
(95% 𝐶𝐼 = [−0.17, −0.03]). 
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Genetic Correlations from Bivariate ACE Model 
  VETSA 1 VETSA 2 
  
PTA-Low [95% 
CI] 
PTA-Mid [95% 
CI] 
PTA-High [95% 
CI] 
PTA-Low [95% 
CI] 
PTA-Mid [95% 
CI] 
PTA-High [95% 
CI] 
CS-Low 
0.00 0.03 -0.04 -0.08 -0.04 -0.06 
[-0.06, 0.06] [-0.03, 0.09] [-0.1, 0.02] [-0.15, -0.01] [-0.1, 0.03] [-0.13, 0.01] 
CS-Mid 
-0.05 0.01 -0.03 -0.14 -0.06 -0.09 
[-0.11, 0.01] [-0.05, 0.07] [-0.09, 0.03] [-0.21, -0.07] [-0.13, 0.01] [-0.16, -0.02] 
CS-
High 
-0.04 0.00 -0.01 -0.04 0.00 -0.01 
[-0.11, 0.02] [-0.06, 0.06] [-0.08, 0.05] [-0.17, -0.03] [-0.09, 0.06] [-0.14, 0.01] 
Table 5. Genetic correlations from bivariate ACE models. 
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In addition to the genetic correlations, the bivariate analyses also estimated 
correlations for common environmental influences and unique environmental influences 
between the two sensory functions.  Common environmental influences were not 
correlated in VETSA 1 or in VETSA 2.  The correlation of unique environmental 
influences between the middle frequency CS and the high frequency PTA was significant 
at -0.14 (95% 𝐶𝐼 = [−0.25, −0.02]) in VETSA 2.
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Unique Environmental Correlations from Bivariate ACE Model 
  VETSA 1 VETSA 2 
  PTA-Low [95% CI] PTA-Mid [95% CI] PTA-High [95% CI] PTA-Low [95% CI] PTA-Mid [95% CI] PTA-High [95% CI] 
CS-
Low 
0.04 0.04 -0.04 -0.03 0.03 -0.08 
[-0.06, 0.14] [-0.06, 0.14] [-0.14, 0.06] [-0.15, 0.08] [-0.08, 0.15] [-0.2, 0.04] 
CS-
Mid 
0.01 0.03 -0.01 -0.11 -0.04 -0.14 
[-0.09, 0.11] [-0.07, 0.13] [-0.11, 0.09] [-0.22, 0] [-0.16, 0.07] [-0.25, -0.02] 
CS-
High 
0.02 0.04 -0.04 0.02 0.04 -0.04 
[-0.08, 0.12] [-0.06, 0.14] [-0.14, 0.07] [-0.19, 0.06] [-0.14, 0.1] [-0.21, 0.05] 
Table 6. Unique Environmental correlations from bivariate ACE models. 
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Discussion 
I expected there to be multiple significant cross-sectional associations at both 
VETSA 1 and VETSA 2 and that the longitudinal results would indicate that the 
associations between these sensory domains become significantly stronger as the mean 
age changed from 56 to 62.  The genetic analyses examined the degree to which genetic 
factors influenced not only each domain, but also the association between them. 
The longitudinal results showed that the correlation between the low spatial 
frequency of CS and the middle and high PTA frequencies grew significantly stronger as 
the mean age changed from 56 to 62.  While I did not find significant results for other 
frequencies, it is possible that more correlations would become significant after repeating 
these analyses with a third wave of data collection at a later age. 
 Having computed the cross-sectional and longitudinal analyses, I sought, with the 
univariate biometric model, to estimate the degree to which these sensory functions could 
be explained by three factors:  an additive genetic component (A), a common 
environmental component (C), and a unique environmental component (E).  For both 
vision and audition, contrast sensitivity at multiple frequencies was significantly 
influenced by genes.  Additionally, unique environmental influences were significant for 
every frequency category in each sensory function for both VETSA 1 and VETSA 2. 
 The correlations in the bivariate ACE models indicated several pairs of variables 
that share genetic influence and one pair that shares unique environmental influences.  
Specifically, the correlations between the low PTA frequencies and each CS frequency 
indicated shared genetic influences.  A similar genetic correlation was observed between 
38 
 
 
middle frequency CS and the PTA high frequency.  The significance of the correlation in 
unique environmental influence between middle frequency CS and the high frequency 
PTA was the only other correlation that was significant.  This indicated that some aspects 
of the unique environment affect both of these sensory domains.  The presence of these 
correlations in VETSA 2 and not in VETSA 1 suggested that these sensory domains share 
more genetic determinants as people age.   
Although each of the theoretical constructs of neurocognitive aging attempts to 
understand the association between cognition and sensory functions, several of these 
models imply specific correlations among the sensory functions.  Therefore, improving 
our understanding of the aging process as it relates to two or more sensory functions is 
critical to developing an accurate model of neurocognitive aging.  For example, the 
Common Cause Hypothesis posits that there is a common underlying biological factor 
driving the association between cognition and sensory functioning.  By this assumption, 
all sensory functions would be expected to decline in a correlated fashion with age, and 
the correlation between these domains would grow stronger with age.  While this study 
did not measure change, the cross-sectional models indicate that two correlations were 
significant at VETSA 2 while none were significant at VETSA 1.  Additionally, the 
longitudinal models show that the correlations between CS at low spatial frequency and 
PTA at each frequency grow stronger with age.  These correlations do not span all 
frequencies, as would have been expected under the assumptions of the Common Cause 
Hypothesis; however, the narrow age range between VETSA 1 and VETSA 2 limited the 
ability to conclude that the Common Cause Hypothesis is not supported.  Results from 
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stratified cross-sectional studies suggest that more of these correlations would grow 
stronger with age (Baltes & Lindenberger, 1997; Lindenberger & Baltes, 1994), which 
may be observable with a third wave of VETSA data collection. 
Direct cause models place no requirement on the correlations between sensory 
functions.  Rather, they imply that there is a one-to-one relation between sensory 
functioning and cognitive functioning.  Specifically, these models predict that a decline in 
the function of a particular sensory modality would be associated with decline in only 
those cognitive domains that rely on the affected sensory modality.  Data from latent 
growth curve analyses have suggested that the correlations between sensory domains may 
be more complex than what would be predicted by one of these models alone (Anstey et 
al., 2003; Hertzog, Dixon, Hultsch, & MacDonald, 2003). 
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CHAPTER THREE: Visual Contrast Sensitivity and Cognition 
Introduction 
The previous chapter focused on the association between hearing and vision in 
late midlife.  This chapter builds upon those findings by examining the associations 
between visual contrast sensitivity and cognition across the same period of life. 
It is well established that the aging process adversely affects a number of 
neurocognitive functions.  Increasing our understanding of the neurocognitive aging 
process remains a significant public health issue.  A large body of cross-sectional data 
(Anstey et al., 1997, 2001a; Anstey & Smith, 1999; Baltes & Lindenberger, 1997; Lin et 
al., 2011; Lindenberger & Baltes, 1994; Salthouse et al., 1996) and longitudinal data 
(Anstey et al., 2001b; Humes et al., 2013; Lin et al., 2014) have demonstrated age-related 
declines in sensory functions that often happen in tandem with declines in cognitive 
ability.  Age-related declines in sensory functions also profoundly affect quality of life 
(Carabellese et al., 1993). 
 There have been a number of studies that have used both cross-sectional and 
longitudinal methods.  In two cross-sectional analyses of 77 (?̅?𝑎𝑔𝑒 = 50.5, 𝑆𝐷 = 16.7) 
and then 127 participants (?̅?𝑎𝑔𝑒 = 45.9, 𝑆𝐷 = 15.5), Salthouse and colleagues (1996) 
found that the association between sensory functioning (near visual acuity) and cognition 
(working memory, associative learning, and concept identification) increased with age.  
With a similar cross-sectional approach, Baltes and colleagues (1997) analyzed data from 
two large age groups:  a younger adult sample (age range = [25, 69], n = 171, ?̅?𝑎𝑔𝑒 = 
48.2, SD = 14.7) and an older adult sample (age range = [70, 103], n = 516, ?̅?𝑎𝑔𝑒 =  84.9, 
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SD = 8.66).  Like Salthouse et al.  (1996), Baltes and colleagues (1997) found an 
association between cognition and sensory functioning that grew stronger with age.  Both 
sets of researchers concluded that a common biological process is likely responsible for 
these correlated patterns of age-related declines that span cognition and sensory 
functions.   
 Although these results support a common factor influencing both cognition and 
sensory functioning, other research has suggested a more complex process.  Christensen 
and colleagues (2001) collected data from 374 participants (age range = [77, 99]).  They 
measured visual acuity in conjunction with crystallized intelligence, memory, and 
cognitive speed.  Initial results indicated that visual acuity and all cognitive measures 
loaded on a single latent factor; however, after controlling for age, gender, 
Apolipoprotein E (APoE) genotype, and level of education, sensory and cognitive 
measures were not uniformly correlated.  The authors concluded that there might be 
multiple processes underlying neurocognitive aging.  Employing similar methods, Anstey 
and colleagues (2001a) found  support for a more complex model of sensory-cognitive 
aging.  They grouped their participants into 4 age cohorts:  70–74, 75–79, 80–84, and 
individuals older than 85.  Their results indicated that changes among sensory functions 
were correlated and changes among cognitive domains were correlated; however, the 
changes in sensory functioning and cognition did not appear to be related to each other.  
Like Christensen et al. (2001), they concluded that while sensory and cognitive functions 
both decline as people age, they might be less associated than originally thought. 
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 Each of these cross-sectional studies offered perspectives on neurocognitive 
decline, but they lacked a longitudinal component.  Using a prospective design, Anstey 
and colleagues (2001b) sought to determine if declines in visual acuity or auditory pure 
tone sensitivity were significantly related to declines in the cognitive domains of Verbal 
Ability, Processing Speed, and Memory.  They analyzed 2,087 participants’ data from the 
Australian Longitudinal Study of Aging (?̅?𝑎𝑔𝑒 = 78.9, SD = 6.24).  They found that 
declines in visual acuity were associated only with decrements in memory, and poorer 
pure tone thresholds were not related to declines in other measured cognitive domains.  
They concluded that the cross-sectional associations that have been observed between 
sensory and cognitive functions are not supported by longitudinal patterns of aging.   
 In an effort to explore further the complex nature of sensory-cognitive aging, 
researchers have begun to employ latent growth models (LGM) to understand if and how 
sensory and cognitive aging trajectories might be related.  Ghisletta and Lindenberger 
(2005) analyzed data from the first four waves of the Berlin Longitudinal Study of Aging 
(at inception total n = 516, age range = [70, 103]).   They found declining trajectories, 
within and across cognitive domains, that included perceptual speed and verbal 
knowledge.  They also found significant declining trajectories associated with near and 
far visual acuity.  Cross-associations between sensory and cognitive trajectories could not 
be fully explained by age; rather, they appeared to be better accounted for by a common 
latent factor.  The researchers concluded that the associations between sensory and 
cognitive functions might be dynamic and complex.  The fact that other latent growth 
modeling approaches have not provided consistent evidence showing that sensory 
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functioning and cognition become increasingly related with age (Anstey et al., 2003) 
underlines the complexity of neurocognitive aging. 
Despite the extensive attention to CS and cognition independently, studies that 
have examined the association between sensory and cognitive aging have yielded 
inconsistent results.  While some of this variability could be due to sample characteristics 
and varied analytical approaches, much may be attributable, instead, to inadequate 
neurocognitive assessments.  A sparse neurocognitive evaluation may result in 
overgeneralized domains of cognitive functioning, limiting the ability to detect 
meaningful associations between sensory functioning and specific cognitive domains.  
Moreover, most studies have focused on individuals who have already reached late life, 
overlooking a critical earlier period when correlated patterns may first emerge. 
With a large representative sample, narrow age range limited to late middle age, 
extensive cognitive assessments, and longitudinal data, the Vietnam Era Twin Study of 
Aging (VETSA) is well positioned to examine the associations between CS and cognition 
during this period.  I first examined the cross-sectional association between CS and nine 
domains of cognitive functioning on each of two occasions (test time 1: ?̅?𝑎𝑔𝑒 = 55.9, SD 
= 2.5; test time 2: ?̅?𝑎𝑔𝑒 = 61.5, SD = 2.6).   Second, using longitudinal analysis, I sought 
to determine if the strength of the associations between CS and each cognitive domain 
was maintained or increased as people transition through late middle age.  I hypothesized 
that there would be significant associations between CS and cognitive functioning at both 
times, and that many of the significant associations at time 1 would be maintained at time 
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2.  I further hypothesized that the strength of the associations between CS and cognition 
would increase with age. 
Methods 
The Vietnam Era Twin Study of Aging (VETSA) is an ongoing large-scale 
epidemiological longitudinal study examining physiological and cognitive changes 
among twins starting at mid-life.  The goals, methods, and sample characteristics of 
VETSA have been previously described (Kremen et al., (2006).  Participants were 
randomly recruited from 3,322 twin pairs from a 1992 study of psychological health that 
enrolled over 8,000 Vietnam Era Twin Registry (VETR) twins (Tsuang et al., 2001).  The 
data analyzed in the present study came from the first two waves of data collection 
(VETSA 1 and VETSA 2), which were separated by approximately 6 years.  VETSA 1 
data were from 1,291 twins who underwent assessments of cognitive, sensory, 
personality, psychosocial, health, and biomedical measures.  Participants travelled to 
either Boston University or the University of California, San Diego for testing.  The sites 
maintained identical testing procedures, and scoring and testing protocols were routinely 
compared to maintain internal reliability.  1,018 twins were reassessed in VETSA 2.  
Both waves of the VETSA project were approved by the Boston University and 
University of California, San Diego Institutional Review Boards. 
Participants are Vietnam era, not necessarily Vietnam War, veterans.  Nearly 80% 
of those in the VETSA cohort reported no combat experiences.  Demographic 
comparisons have indicated that VETSA is a representative epidemiological sample with 
strong demographic and lifestyle similarities to Census/CDC data for like-aged men (e.g., 
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education, income, marital status, employment, diabetes, obesity, and hypertension) 
(Schoeneborn & Heyman, 2009) .  While the sample is composed of twins, the analyses 
in this study are not twin analyses (see Table 13 in the Appendix for complete 
demographics of the sample). 
Contrast Sensitivity Assessment 
CS was assessed using the Functional Acuity Contrast Test (FACT) (Ginsburg, 
1984).  Although CS is distinct from visual acuity, uncorrected impairments in visual 
acuity can affect performance at the high frequencies of the CS test.  For this reason, 
participants were instructed to wear their glasses or contact lenses if they normally 
required them.  Participants were provided glasses if they needed them but did not have 
their own.  The participants viewed the chart with both eyes simultaneously while 
standing 10 feet away.  The stimulus chart consists of a 9 by 5 array of circles.  The test 
was conducted according to the standard procedures associated with the measure 
(Ginsburg, 1984).  Beginning with the left column, contrast decreased monotonically 
with a range of .602 to 2.255 (.59%–25% Michelson contrast) and a log step increment 
range of 0.109–0.176 (SD = .014). With each row, gratings increased in spatial frequency 
from 1.5 to 18 cycles per degree (cpd).  The gratings in each circle were oriented either 
vertically, tilted 15º to the left or 15º to the right.  For each circle, the participant verbally 
indicated the direction of the grating.  CS was determined for each spatial frequency by 
finding the minimal perceptible contrast level needed to correctly identify the orientation 
of the grating for a given row.  Michelson contrast scores were aggregated into low mean 
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(1.5-3.0 cpd), middle (6.0 cpd), and high mean (12.0-18.0 cpd) spatial frequencies.  
Higher Michelson contrast scores at each spatial frequency indicate better CS.   
Cognitive Assessment 
 Cognitive functioning was assessed for nine separate cognitive domains.  For 
domains that included more than one measure, composite scores were created by taking 
the mean of the standardized scores in each domain.  In other cases, domains were 
assessed on the basis of individual tests because only one test tapped that ability or 
because the associations between tests of similar abilities were too small to justify a 
composite measure.  All of these tests were administered at both VETSA 1 and VETSA 
2.  Upon being inducted in the military, every participant had taken the Armed Forces 
Qualification Test (AFQT), which was used as a measure of general cognitive ability 
during early adulthood (see Appendix). 
Data Analysis 
Individuals were the principal unit of analysis, and I controlled for intra-twin pair 
clustering by using linear mixed models.  Cognitive scores were the response variables 
and CS frequencies were the primary predictors in each model.  All variables were 
standardized, and all cognitive domain variables were residualized, accounting for AFQT 
score in early adulthood to control for early cognitive ability.  Analyses were performed 
using R version 3.2.1 (R Core Team, 2015) with the lme4 package (Bates et al., 2013).  
To control for nine repeated tests for each spatial frequency, I used a false discovery rate 
correction according to the BH algorithm (Benjamini & Hochberg, 1995).  Due to the 
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clustered nature of the twin data, I used mixed effects models with random intercepts for 
each twin pair.  Age was included as a covariate in all cross-sectional analyses.  Ethnicity 
was also included as a dichotomous variable (white, non-Hispanic versus other).   
For both cross-sectional and longitudinal models, degrees of freedom and p-
values were computed using the Welch-Satterthwaite approximation (Satterthwaite, 
1946; Welch, 1947) with the lmerTest package in R (Kuznetsova et al., 2015). 
Results 
Low Spatial Frequency 
Using all available participants at VETSA 1, CS at low spatial frequency (SF) was 
significantly associated with scores on five of the nine cognitive domains.  At VETSA 2, 
CS at low SF was significantly related to four of the nine cognitive domains, and all of 
these associations were significant in VETSA 1.  The domains for which associations 
with low SF were maintained at both time points were Processing Speed (𝛽 = 0.07, 𝑝 <
0.006), Visual-Spatial Ability (𝛽 = 0.06, 𝑝 < 0.04), Episodic Memory (𝛽 = 0.05, 𝑝 <
0.02), and Abstract Reasoning (𝛽 = 0.09, 𝑝 < 0.03).  All but one of the significant 
associations in VETSA 1 and VETSA 2 were limited to those cognitive domains that 
were visually dependent.  Episodic Memory was significantly associated at both time 
points and this cognitive domain relied on vision and audition.  The longitudinal analyses 
for CS at low SF did not show any associations between CS at low SF and cognition that 
significantly changed with age (see Table 7)
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Low Spatial Frequency Contrast Sensitivity (1.5-3.0 cpd) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n excluded) β (SE) q n (n excluded) β (SE) q n (n excluded) β (SE) q 
(A) Verbal Fluency 1171(120) 0 (0.02) 0.937 931(87) 0.04 (0.03) 0.207 2102(207) 0.01 (0.02) 0.872 
(A) Executive Category Switching 1169(122) 0.03 (0.03) 0.395 930(88) 0.04 (0.03) 0.266 2099(210) 0.02 (0.04) 0.872 
(V) Processing Speed 1171(120) 0.06 (0.02) 0.009 931(87) 0.07 (0.02) 0.006 2102(207) 0.03 (0.02) 0.617 
(V) Visual-Spatial Ability 1176(115) 0.05 (0.02) 0.022 926(92) 0.06 (0.02) 0.041 2102(207) 0.05 (0.02) 0.268 
(V) Abstract Reasoning 1172(119) 0.08 (0.02) 0.006 932(86) 0.09 (0.03) 0.006 2104(205) 0 (0.03) 0.894 
(V) Executive Trails Switching 1160(131) -0.02 (0.03) 0.442 915(103) 0.04 (0.03) 0.304 2075(234) 0.05 (0.04) 0.617 
(V) Executive Inhibition 1157(134) 0.07 (0.03) 0.022 923(95) 0.05 (0.03) 0.194 2080(229) -0.01 (0.04) 0.883 
(V/A) Short-Term-Working Memory 1176(115) 0.03 (0.02) 0.065 932(86) 0.03 (0.02) 0.185 2108(201) -0.01 (0.02) 0.872 
(V/A) Episodic Memory 1177(114) 0.07 (0.02) 0.003 933(85) 0.05 (0.02) 0.033 2110(199) -0.01 (0.02) 0.872 
Table 7.  Cross-sectional and Longitudinal Mixed Model Analyses between Low Spatial Frequency and Each Cognitive 
Domain 
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Degrees of freedom and p-values were computed using the Welch-Satterthwaite 
approximation.  In the longitudinal analyses, the n corresponds to the number of 
observations rather than the number of participants.  All domain significance tests were 
corrected with the False Discovery Rate Correction (FDR).   (A) indicates a cognitive 
domain that depended on audition.  (V) indicates a cognitive domain that depended 
vision.  (V/A) indicates cognitive domains that depended on both vision and audition. 
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Middle Spatial Frequency 
Using all of the available data at VETSA 1, there were six significant associations 
between middle spatial frequency and cognition and five significant associations at 
VETSA 2.  Processing Speed (𝛽 = 0.09, 𝑝 < 0.01), Visual-Spatial Ability (𝛽 =
0.08, 𝑝 < 0.07), Episodic Memory (𝛽 = 0.05, 𝑝 < 0.04), Abstract Reasoning (𝛽 =
0.06, 𝑝 < 0.04) were significant with middle SF at both VETSA 1 and VETSA 2 (see 
Table 8).  Only one of the six significant associations in VETSA 1 included a cognitive 
domain that depended on audition, while the other cognitive domains with significant 
association were dependent on vision.  The longitudinal analyses did not show any 
associations between CS at middle SF and cognition that significantly changed with age. 
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Middle Spatial Frequency Contrast Sensitivity (6.0 cpd) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n excluded) β (SE) q n (n excluded) β (SE) q n (n excluded) β (SE) q 
(A) Verbal Fluency 1174(117) 0.02 (0.02) 0.5 929(89) 0.02 (0.03) 0.465 2103(206) 0.03 (0.02) 0.347 
(A) Executive Category Switching 1172(119) 0.07 (0.03) 0.035 928(90) 0.05 (0.03) 0.238 2100(209) -0.01 (0.04) 0.724 
(V) Processing Speed 1174(117) 0.07 (0.02) 0.001 929(89) 0.09 (0.02) 0.001 2103(206) 0.03 (0.02) 0.347 
(V) Visual-Spatial Ability 1179(112) 0.06 (0.02) 0.011 925(93) 0.08 (0.02) 0.007 2104(205) 0.05 (0.02) 0.347 
(V) Abstract Reasoning 1175(116) 0.1 (0.02) <.001 930(88) 0.06 (0.03) 0.039 2105(204) -0.02 (0.03) 0.622 
(V) Executive Trails Switching 1163(128) -0.03 (0.03) 0.369 914(104) 0 (0.03) 0.951 2077(232) 0.04 (0.04) 0.61 
(V) Executive Inhibition 1160(131) 0.01 (0.03) 0.683 921(97) 0.09 (0.03) 0.031 2081(228) 0.05 (0.04) 0.347 
(V/A) Short-Term-Working Memory 1179(112) 0.04 (0.02) 0.043 930(88) 0.01 (0.02) 0.875 2109(200) -0.01 (0.02) 0.622 
(V/A) Episodic Memory 1180(111) 0.06 (0.02) 0.008 931(87) 0.05 (0.02) 0.039 2111(198) 0.01 (0.02) 0.715 
Table 8.  Cross-sectional and Longitudinal Mixed Model Analyses for Middle Spatial Frequency and Each Cognitive 
Domain 
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Degrees of freedom and p-values were computed using the Welch-Satterthwaite 
approximation.  In the longitudinal analyses, the n corresponds to the number of 
observations rather than the number of participants.  All domain significance tests were 
corrected with the False Discovery Rate Correction (FDR).   (A) indicates a cognitive 
domain that depended on audition.  (V) indicates a cognitive domain that depended 
vision.  (V/A) indicates cognitive domains that depended on both vision and audition.
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High Spatial Frequency 
Using all of the data available at each time point, four of the nine associations 
between CS at high SF and cognition were significant.  At VETSA 2, there were three 
significant associations, all of which were maintained from VETSA 1:  Processing Speed 
(𝛽 = 0.07, 𝑝 < 0.01), Visual-Spatial Ability (𝛽 = 0.08, 𝑝 < 0.01), and Abstract 
Reasoning (𝛽 = 0.07, 𝑝 < 0.08) (see Table 9).  All of the cognitive domains with 
significant associations with high Spatial Frequency at VETSA 1 and VETSA 2 were 
dependent on vision.  The longitudinal analyses between CS at high SF and cognition did 
not indicate any associations that significantly changed with age in either direction. 
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  High Spatial Frequency Contrast Sensitivity (12.0-18.0 cpd) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n 
excluded) 
β (SE) q 
n (n 
excluded) 
β (SE) q 
n (n 
excluded) 
β (SE) q 
(A) Verbal Fluency 1151(140) 
-0.01 
(0.02) 0.743 892(126) 0.05 (0.03) 0.155 2043(266) 0.03 (0.02) 0.797 
(A) Executive Category Switching 1149(142) 0.05 (0.03) 0.197 891(127) 
-0.01 
(0.03) 0.772 2040(269) 
-0.05 
(0.04) 0.797 
(V) Processing Speed 1151(140) 0.05 (0.02) 0.02 892(126) 0.07 (0.02) 0.012 2043(266) 0.02 (0.02) 0.797 
(V) Visual-Spatial Ability 1156(135) 0.1 (0.02) <.001 888(130) 0.08 (0.03) 0.012 2044(265) 0.02 (0.02) 0.803 
(V) Abstract Reasoning 1152(139) 0.07 (0.02) 0.02 893(125) 0.07 (0.03) 0.036 2045(264) 0.02 (0.03) 0.829 
(V) Executive Trails Switching 1140(151) 
-0.04 
(0.03) 0.243 878(140) 
-0.04 
(0.03) 0.44 2018(291) 0.01 (0.04) 0.955 
(V) Executive Inhibition 1138(153) 0.04 (0.03) 0.243 885(133) 0.04 (0.03) 0.44 2023(286) 0 (0.04) 0.955 
(V/A) 
Short-Term-Working 
Memory 1156(135) 0.01 (0.02) 0.479 893(125) 
-0.01 
(0.02) 0.752 2049(260) 0.01 (0.02) 0.86 
(V/A) Episodic Memory 1157(134) 0.05 (0.02) 0.025 894(124) 0.01 (0.02) 0.752 2051(258) 0.01 (0.02) 0.829 
Table 9.  Cross-sectional and Longitudinal Mixed Model Analyses for High Spatial Frequency and Each Cognitive 
Domain 
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Degrees of freedom and p-values were computed using the Welch-Satterthwaite 
approximation.  In the longitudinal analyses, the n corresponds to the number of 
observations rather than the number of participants.  All domain significance tests were 
corrected with the False Discovery Rate Correction (FDR).   (A) indicates a cognitive 
domain that depended on audition.  (V) indicates a cognitive domain that depended 
vision.  (V/A) indicates cognitive domains that depended on both vision and audition.
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Discussion 
Visual contrast sensitivity and cognition were significantly associated across 
multiple cognitive domains, and many of these associations were present at both VETSA 
1 and VETSA 2.  There were no significant interactions between contrast sensitivity and 
the mean age at testing, indicating that the strength of the observed associations did not 
change over time.  Cross-sectional findings from Baltes and Lindenberger (1997) showed 
that the average correlation between sensory functioning and cognition increases from .11 
for those between the ages of 25 to 69 years old to .31 for those between 70 and 103 
years old.  These wide age ranges within groups do not permit us to know when these 
changes occur.  Cronin-Golomb and colleagues (2007) found that stimulus enhancement 
improved visual cognition among adults with Alzheimer’s disease, but they also found 
that age-matched healthy adults benefited more from increased contrast than a young 
adult comparison group.  This finding suggests that the correlation between visual 
contrast and visual cognition may be stronger among older adults than among those who 
are in their 20s.  Hence, previous cross-sectional studies do suggest that there is an 
increased association between sensory functioning and cognition with age, but these 
longitudinal data suggest that it does not occur within this midlife period, the mid-50s to 
early 60s. 
Processing Speed and Abstract Reasoning stand out as showing effects at multiple 
frequencies at both VETSA 1 and at VETSA 2.  Verbal Fluency and Executive Trails 
Switching were the only cognitive functions that were unrelated to every spatial 
frequency at both VETSA 1 and VETSA 2.   Several associations that were significant in 
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VETSA 1 were not significant at VETSA 2.  These include Visual-Spatial Ability and 
Low SF, Short-term-working memory and Middle SF, Executive Category Switching and 
Middle SF, and Episodic Memory and High SF.  While these patterns are inconsistent 
with my suggestion that there may be an underlying biological component driving 
correlated neurocognitive aging, it is important to note that these longitudinal analyses 
did not show that any of these associations become significantly stronger or weaker with 
age. 
Direct cause models, such as the Sensory Deprivation Model and the Sensory 
Degradation Model, posit a causal link between sensory decline and cognition.  While the 
causal mechanisms connecting sensory functioning to cognition differ for each model, 
both assert that declines in a particular sensory input will manifest in declines in relevant 
cognitive domains.  For example, declines in contrast sensitivity would be expected to be 
associated with cognitive domains that are visually dependent, whereas cognitive 
domains that rely on input from other sensory domains would be uncorrelated with loss 
of contrast sensitivity.  Although the present study did not test a causal association 
between CS and cognition, it is evident that the significant associations between CS and 
cognition are nearly entirely limited to those cognitive domains that are visually 
dependent.  These results appear to be congruent with what would be expected by a direct 
cause model of neurocognitive aging. 
This study was subject to limitations.  Although the VETSA cohort is a 
representative sample of men of a similar age (Schoeneborn & Heyman, 2009), it is 
exclusively male.  It will be important to determine if these findings can extend to 
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samples of women.  Second, future studies should investigate whether sensory 
functioning in late middle age is predictive of cognitive functioning during late-life.   It is 
possible that sensory functions other than CS may follow different age-related patterns.  
For example,  Lin and colleagues (2013) reported that hearing loss among individuals 
with an average age of 77.4 years predicted faster rates of cognitive decline over the next 
six years.   
Models that describe a correlated age-related decline, such as the Common Cause 
Hypothesis, the Cognitive Permeation Model, and the Multiple Causes Hypothesis 
predict that the associations between sensory functioning and cognition increase with 
age.  Moreover, these constructs posit that the associations between sensory functioning 
and cognition would not be limited to those cognitive domains that are dependent on the 
affected sensory input (e.g. audition would be correlated with cognitive performance that 
relies on either auditory and non-auditory input) (Anstey et al., 2001b; Christensen et al., 
2001; Lindenberger & Ghisletta, 2009).  The present analyses did not reveal this pattern 
for two reasons.  First, as previously outlined, the results are predominately limited to 
cognitive domains that are visually dependent, which is what would be predicted by a 
direct cause model.  Second, a common factor model not only asserts that sensory 
functions are associated with many cognitive domains, but it also presumes that these 
associations would get stronger with age.  My longitudinal analyses did not find any 
associations that change as participants’ mean age changed from 56 to 62.  In part, this 
null finding could be due to the narrow 6-year age range between VETSA 1 and VETSA 
2.  Repeating these methods when the mean age is beyond that of VETSA 2 may reveal 
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stronger associations between sensory function and cognition that increase with age.  
Additionally, repeating these analyses with a wider age range may highlight associations 
between CS and cognition that appear to agree with common factor models of aging and 
are not limited to visually dependent cognitive domains.  The results of this study are best 
aligned with direct cause models of neurocognitive aging, but they do not address (hence, 
do not fail to support) correlated models of neurocognitive aging.  Continued research 
may improve our understanding of the complex connection between sensory functioning 
and cognition as individuals progress toward the later stages of life.  
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CHAPTER FOUR: Auditory Acuity and Cognition 
Introduction 
Aging adversely affects many neurological functions.  In 2005, it was estimated 
that over 23 million people suffer from dementia globally (Ferri et al., 2005), and with an 
incidence of 4.3 million new cases per year, this is assumed to be much higher currently.  
Due to the debilitating consequences of dementia, researchers estimated that the world 
economy suffers $604 billion per year due to lost work and medical expenses (Wimo, 
Jönsson, Bond, Prince, & Winblad, 2013).  Cross-sectional (Anstey et al., 1997, 2001a; 
Anstey & Smith, 1999; Baltes & Lindenberger, 1997; Lin et al., 2011; Lindenberger & 
Baltes, 1994, 1997; Salthouse et al., 1996) and longitudinal (Anstey et al., 2001b; Humes 
et al., 2013; Lin et al., 2014) evidence has established that declines in cognitive 
functioning co-occur with age-related declines in sensory functioning (Anstey et al., 
2001b; Ghisletta & Lindenberger, 2005; Lin et al., 2013), and these age-related patterns 
are associated with significantly poorer quality of life (Carabellese et al., 1993).  It is 
evident that research that strives to extend our understanding of neurocognitive aging 
continues to hold significant public health importance. 
 In this study, I examined how pure tone audiometry (PTA) and cognition are 
related during late middle age.  Despite the wealth of evidence tying sensory decline with 
cognitive aging, it is necessary to determine if PTA is systematically tied to cognitive 
functioning across multiple domains or instead to a select few.  VETSA afforded the 
opportunity to repeat these analyses at two times (test time 1: ?̅?𝑎𝑔𝑒 = 56; test time 2: 
?̅?𝑎𝑔𝑒 = 62).  Thereby, I was able to determine how many of the significant associations 
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between auditory acuity and domains of cognitive functioning found in VETSA 1 were 
maintained in VETSA 2.  I hypothesized that auditory acuity and cognitive functioning 
would be significantly associated at both times.  Lastly, the longitudinal nature of the 
VETSA data allowed us examine the prediction that sensory functions and cognitive 
functioning declines occur in tandem by examining the interaction between the dependent 
variable and the participants’ mean age.  I hypothesized that as age increases, the strength 
of the associations between sensory and cognitive functioning would also increase, which 
would be congruent with evidence supporting correlated neurocognitive declines in 
functioning. 
Methods 
Participants 
Data were collected in the Vietnam Era Twin Study of Aging (VETSA).  VETSA 
is an ongoing large-scale epidemiological longitudinal study examining physiological and 
cognitive changes among twins across the life span.  The goals, methods, and sample 
characteristics of VETSA have been previously described by Kremen and colleagues 
(2006).  The data analyzed in this study came from the first two waves of data collection 
(VETSA 1 and VETSA 2, respectively), which were separated by approximately 6 years.  
Participants were randomly recruited from 3,322 twin pairs from a 1992 study of 
psychological health that enrolled over 8,000 Vietnam Era Twin Registry (VETR) twins 
(Eisen, True, Goldberg, Henderson, & Robinette, 1987; Goldberg, True, Eisen, 
Henderson, & Robinette, 1987; Henderson et al., 1990).  VETSA 1 sample consisted of 
1,291 twins who underwent 9-10 hours of assessments of cognitive, sensory, personality, 
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psychosocial, health, and biomedical measures.  Participants travelled to either Boston 
University or the University of California, San Diego for testing.  The sites maintained 
identical testing procedures, and scoring and testing protocols were routinely compared to 
maintain internal reliability.  1,018 twins were reassessed in VETSA 2.  Both waves of 
the VETSA project were approved by the Boston University and University of California, 
San Diego Institutional Review Boards. 
These were Vietnam era, not necessarily Vietnam War, veterans.  Nearly 80% of 
those in the VETSA cohort reported no combat experiences.  Demographic comparisons 
have indicated that VETSA is a representative epidemiological sample with strong 
demographic and lifestyle similarities to Census/CDC data for like-aged men (e.g., 
education, income, marital status, employment, diabetes, obesity, and hypertension) 
(Schoeneborn & Heyman, 2009) . 
Pure Tone Acuity Assessment 
PTA was assessed using a Maico M41 Audiometer (Maico Diagnostics, Eden 
Prairie, MN).  Five frequencies were measured in both VETSA 1 and VETSA 2 (250Hz, 
500Hz, 2000Hz, 4000Hz, and 8000Hz).   Measurement procedures were conducted in 
accordance with the International Organization for Standardization for measuring Pure 
Tone Acuity (“Guidelines for manual pure-tone threshold audiometry,” 1978; Harrell & 
Katz, 1978; ISO 8253-1, 1989).  Data for each ear were aggregated into low (average of 
250Hz and 500Hz), middle (2000Hz), and high (average of 4000Hz and 8000Hz) groups.  
Using standard clinical conventions, normal hearing was defined as the ability to hear all 
frequencies at or less than 15 dB (Harrell & Katz, 1978). 
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Cognitive functioning was divided into nine separate cognitive domains:  
Processing Speed, Short-Term/Working Memory, Episodic Memory, Visual-Spatial 
Ability, Abstract Reasoning, Verbal Fluency, Executive Functioning-Switching, and 
Executive-Inhibition.  Because eight of the nine cognitive domains included more than 
one measure, composite scores were created by taking the mean of the standardized 
scores in each domain.  All of these tests were administered at both VETSA 1 and 
VETSA 2, allowing identical domains to be estimated at both waves of data collection.  
Finally, upon being inducted in the military, every participant had taken the Armed 
Forces Qualification Test (AFQT), which was used as an estimate of cognitive ability 
during early adulthood (see Appendix). 
Data Analysis 
All variables were standardized, and analyses were performed using R version 
3.2.1 (R Core Team, 2015) with the lme4 package (Bates et al., 2013).  All cognitive 
domain variables were residualized.  Cognitive scores were the response variables and 
PTA frequency was the primary predictor variable in each model.  Accounting for AFQT 
score at induction afforded a better estimate of current levels of cognitive functioning that 
were independent of early levels of general cognitive ability.  This provided a more 
accurate basis of comparison across participants.  To control for nine repeated tests for 
each spatial frequency, corrections were done through a false discovery rate correction 
(FDR) according to the Benjamini-Hochberg (BH) algorithm (Benjamini & Hochberg, 
1995).  Due to the clustered nature of the twin data, I used mixed effects models with 
random intercepts for each twin pair.  Age was included as a covariate in all cross-
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sectional analyses in order to identify variance in the outcome not exclusively explained 
by age.  Ethnicity was also included as a dichotomous variable (white and not Hispanic 
versus other). 
For both cross-sectional and longitudinal models, degrees of freedom and p-
values were computed using the Welch-Satterthwaite approximation (Satterthwaite, 
1946; Welch, 1947) with the lmerTest package in R (Kuznetsova et al., 2015). 
Results 
Cross-Sectional Results 
Low PTA frequencies and Cognition 
Using only complete data at VETSA 1, the low frequency PTA was significantly 
related to four of the nine cognitive domains.  Processing Speed (𝛽 = −0.09, 𝑝 < 0.001), 
Short-term Working Memory (𝛽 = −0.05, 𝑝 < 0.03), Episodic Memory (𝛽 =
−0.05, 𝑝 < 0.05), Abstract Reasoning (𝛽 = −0.11, 𝑝 < 0.001), Verbal Fluency (𝛽 =
−0.05, 𝑝 < 0.03), and Executive Category Switching (𝛽 = −0.14, 𝑝 < 0.001) were all 
significantly associated with low frequency PTA at VETSA 1.  A negative 𝛽   indicates 
that poorer hearing is associated with poorer cognitive functioning.  At VETSA 2, low 
frequency PTA was significantly related to four of the nine cognitive domains, all of 
which were present at both time points.  The domains that were significantly associated 
with low frequency PTA at VETSA 2 were Processing Speed (𝛽 = −0.11, 𝑝 < 0.001), 
Short-term Working Memory (𝛽 = −0.07, 𝑝 < 0.005), Episodic Memory (𝛽 =
−0.09, 𝑝 < 0.003), and Abstract Reasoning (𝛽 = −0.1, 𝑝 < 0.01).  The significant 
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associations between low frequency PTA and cognition at VETSA 1 included both 
auditorily dependent and visually dependent cognitive domains.  At VETSA 2, the 
significant associations were limited to two cognitive domains that were visually 
dependent and two that depended on both audition and vision.  The longitudinal analyses 
for low frequency PTA showed that the association with Executive Category Switching 
significantly changed between VETSA 1 and VETSA 2 (𝛽 = 0.18, 𝑝 < 0.001) (see 
Table 10).   
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Low Auditory Frequency (250Hz – 500Hz) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n 
excluded) 
β (SE) q 
n (n 
excluded) 
β (SE) q 
n (n 
excluded) 
β (SE) q 
(A) Verbal Fluency 1165(126) 
-0.08 
(0.03) 0.012 937(81) 
-0.06 
(0.03) 0.088 2102(207) 
-0.03 
(0.03) 0.427 
(A) Executive Category Switching 1163(128) 
-0.14 
(0.03) <.001 936(82) 0.04 (0.04) 0.41 2099(210) 0.18 (0.05) 0.001 
(V) Processing Speed 1165(126) 
-0.09 
(0.02) 0.001 936(82) 
-0.11 
(0.03) 0.001 2101(208) 
-0.01 
(0.02) 0.616 
(V) Visual-Spatial Ability 1165(126) 
-0.02 
(0.03) 0.449 931(87) 
-0.08 
(0.03) 0.016 2096(213) 
-0.05 
(0.03) 0.237 
(V) Abstract Reasoning 1162(129) 
-0.11 
(0.03) 0.001 935(83) -0.1 (0.03) 0.012 2097(212) 0.04 (0.03) 0.427 
(V) Executive Trails Switching 1153(138) 0.01 (0.03) 0.681 920(98) 
-0.04 
(0.04) 0.41 2073(236) 
-0.05 
(0.05) 0.427 
(V) Executive Inhibition 1154(137) 0.03 (0.03) 0.449 927(91) 
-0.03 
(0.04) 0.522 2081(228) 
-0.01 
(0.04) 0.766 
(V/A) 
Short-Term-Working 
Memory 1166(125) 
-0.05 
(0.02) 0.03 937(81) 
-0.07 
(0.02) 0.005 2103(206) 
-0.02 
(0.02) 0.427 
(V/A) Episodic Memory 1166(125) 
-0.05 
(0.02) 0.049 937(81) 
-0.09 
(0.03) 0.003 2103(206) 
-0.05 
(0.02) 0.071 
Table 10.  Cross-sectional and Longitudinal Mixed Model Analyses with Low Pure Tone Acuity and Each Cognitive 
Domain. 
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Degrees of freedom and p-values were computed using the Welch-Satterthwaite 
approximation.  In the longitudinal analyses, the n corresponds to the number of 
observations rather than the number of participants.  All domain significance tests were 
corrected with the False Discovery Rate Correction (FDR).   (A) indicates a cognitive 
domain that depended on audition.  (V) indicates a cognitive domain that depended 
vision.  (V/A) indicates cognitive domains that depended on both vision and audition. 
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However, because the scales of PTA and cognition are inverses of each other, this change 
actually indicates that low frequency PTA and Executive Category Switching become 
significantly weaker as the participants’ mean age changes from 56 to 62. 
Middle PTA Frequencies and Cognition 
At VETSA 1, there were three significant associations between high frequency 
PTA and cognition.  Processing Speed (𝛽 = −0.1, 𝑝 < 0.001), Short-term Working 
Memory (𝛽 = −0.07, 𝑝 < 0.003), and Executive Category Switching (𝛽 = −0.12, 𝑝 <
0.03) were significantly associated with the middle auditory frequency at VETSA 1.  At 
VETSA 2, Episodic Memory was significantly associated with the middle auditory 
frequency (𝛽 = −0.07, 𝑝 < 0.05).  None of the associations that were significant at 
VETSA 1 remained significant at VETSA 2.  The associations at VETSA 1 included 
cognitive domains that depended on both audition and vision and the VETSA 2 result 
also depended on both sensory functions.  The longitudinal analyses between high 
frequency PTA and cognition showed that there were no associations between the middle 
frequency PTA and cognition that significantly changed as participants’ mean age 
changed from 56 to 62 (see Table 11).  
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Middle Auditory Frequency (2000Hz) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n 
excluded) 
β (SE) q 
n (n 
excluded) 
β (SE) q 
n (n 
excluded) 
β (SE) q 
(A) Verbal Fluency 1162(129) 
-0.05 
(0.03) 0.125 937(81) 
-0.02 
(0.03) 0.899 2099(210) 0.01 (0.02) 0.815 
(A) Executive Category Switching 1160(131) 
-0.12 
(0.03) 0.002 936(82) 0 (0.04) 0.944 2096(213) 0.11 (0.04) 0.058 
(V) Processing Speed 1162(129) -0.1 (0.02) <.001 936(82) 
-0.06 
(0.03) 0.104 2098(211) 0.02 (0.02) 0.635 
(V) Visual-Spatial Ability 1162(129) 0.01 (0.03) 0.611 931(87) 
-0.04 
(0.03) 0.335 2093(216) 
-0.07 
(0.03) 0.058 
(V) Abstract Reasoning 1159(132) 
-0.06 
(0.03) 0.12 935(83) 0.01 (0.03) 0.944 2094(215) 0.05 (0.03) 0.214 
(V) Executive Trails Switching 1150(141) 0.03 (0.03) 0.471 920(98) 
-0.01 
(0.04) 0.944 2070(239) 
-0.04 
(0.05) 0.635 
(V) Executive Inhibition 1151(140) 0.03 (0.03) 0.472 927(91) 0 (0.04) 0.944 2078(231) 
-0.01 
(0.04) 0.815 
(V/A) 
Short-Term-Working 
Memory 1163(128) 
-0.07 
(0.02) 0.003 937(81) 
-0.04 
(0.02) 0.118 2100(209) 0.01 (0.02) 0.815 
(V/A) Episodic Memory 1163(128) 
-0.04 
(0.02) 0.132 937(81) 
-0.07 
(0.03) 0.05 2100(209) 
-0.04 
(0.02) 0.058 
Table 11.  Cross-sectional Longitudinal Mixed Model Analyses for Middle Pure Tone Acuity and Each Cognitive 
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Degrees of freedom and p-values were computed using the Welch-Satterthwaite 
approximation.  In the longitudinal analyses, the n corresponds to the number of 
observations rather than the number of participants.  All domain significance tests were 
corrected with the False Discovery Rate Correction (FDR).   (A) indicates a cognitive 
domain that depended on audition.  (V) indicates a cognitive domain that depended 
vision.  (V/A) indicates cognitive domains that depended on both vision and audition. 
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 High PTA Frequencies and Cognition 
 At VETSA 1, there were three significant associations between the high auditory 
frequency category and cognition.  Processing Speed (𝛽 = −0.09, 𝑝 < 0.001), Short-
term Working Memory (𝛽 = −0.05, 𝑝 < 0.027), and Executive Category Switching 
(𝛽 = −0.1, 𝑝 < 0.005) were significantly related to the high frequency PTA frequency 
category at VETSA 1.  At VETSA 2, there were significant associations between 
Processing Speed (𝛽 = −0.01, 𝑝 < 0.03), Short-term Working Memory (𝛽 =
−0.05, 𝑝 < 0.02), and Episodic Memory (𝛽 = −0.08, 𝑝 < 0.003).  The associations 
between the high frequency PTA category and Processing Speed and Short-term Working 
Memory were significant at both time points.  The significant associations at VETSA 1 
and VETSA 2 included cognitive domains that were dependent on both vision and 
audition.  The longitudinal analysis between high frequency PTA and Episodic Memory 
was significantly associated (𝛽 = −0.06, 𝑝 < 0.02), indicating that the association 
between high frequency PTA and Episodic Memory gets stronger as individuals age 
between 56 and 62 (see Table 12). 
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High Auditory Frequency (4000Hz-8000Hz) 
Domain 
VETSA 1 VETSA 2 
Longitudinal model with mean age 
interaction 
n (n excluded) β (SE) q n (n excluded) β (SE) q n (n excluded) β (SE) q 
(A) Verbal Fluency 1161(130) -0.03 (0.03) 0.496 936(82) -0.05 (0.03) 0.144 2097(212) -0.02 (0.02) 0.608 
(A) Executive Category Switching 1159(132) -0.1 (0.03) 0.005 935(83) 0.02 (0.04) 0.727 2094(215) 0.1 (0.04) 0.062 
(V) Processing Speed 1161(130) -0.09 (0.02) 0.001 935(83) -0.1 (0.03) 0.002 2096(213) -0.01 (0.02) 0.676 
(V) Visual-Spatial Ability 1161(130) -0.02 (0.02) 0.665 930(88) -0.06 (0.03) 0.114 2091(218) -0.04 (0.02) 0.197 
(V) Abstract Reasoning 1158(133) -0.05 (0.03) 0.15 934(84) -0.05 (0.03) 0.144 2092(217) 0.02 (0.03) 0.676 
(V) Executive Trails Switching 1149(142) 0 (0.03) 0.933 919(99) -0.05 (0.04) 0.202 2068(241) -0.06 (0.04) 0.288 
(V) Executive Inhibition 1150(141) -0.03 (0.03) 0.571 926(92) 0 (0.04) 0.905 2076(233) 0.05 (0.04) 0.288 
(V/A) Short-Term-Working Memory 1162(129) -0.05 (0.02) 0.027 936(82) -0.05 (0.02) 0.043 2098(211) 0 (0.01) 0.892 
(V/A) Episodic Memory 1162(129) -0.01 (0.02) 0.675 936(82) -0.08 (0.02) 0.003 2098(211) -0.06 (0.02) 0.007 
Table 12.  Cross-sectional and Longitudinal Mixed Model Analyses for High Pure Tone Acuity and Each Cognitive 
Domain 
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Degrees of freedom and p-values were computed using the Welch-Satterthwaite 
approximation.  In the longitudinal analyses, the n corresponds to the number of 
observations rather than the number of participants.  All domain significance tests were 
corrected with the False Discovery Rate Correction (FDR).   (A) indicates a cognitive 
domain that depended on audition.  (V) indicates a cognitive domain that depended 
vision.  (V/A) indicates cognitive domains that depended on both vision and audition. 
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Discussion 
While there were multiple associations between PTA and nine cognitive domains 
that were significantly related at VETSA 1, only a few were maintained at VETSA 2.  
Additionally, the middle frequency PTA was related with multiple cognitive domains in 
VETSA 1, but only two of those associations were also significant at VETSA 2.  This 
could be an indication that the association between middle frequency PTA and cognition 
becomes weaker with age, but this remains a dubious conclusion with these data.  More 
generally, four associations between PTA and cognition were maintained from the low 
frequency threshold and the high frequency threshold.  This provides inconclusive 
evidence of correlated neurocognitive patterns of aging; rather, results from this study 
suggest that tandem declines between auditory functioning and cognition are specific to a 
select few domains. 
 A central tenant of systemic correlated neurocognitive decline is that the strength 
of the associations between all PTA frequencies and cognitive domains increases with 
age; however, this is not what I observed.  Instead, there were only two associations that 
significantly changed with age, and one the association became weaker with age.  The 
single association that appeared to grow stronger with age was between high frequency 
PTA and short-term working memory.  Much of the data that have suggested age 
moderates the association between sensory functioning and cognition has come from 
stratified cross-sectional models (Baltes & Lindenberger, 1997; Salthouse et al., 1996).  
However, more recent studies have found that short-term memory encoding and 
subsequent information processing are impeded by auditory interference (Rönnberg, 
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Rudner, Lunner, & Stenfelt, 2014).  These results show that hearing impairments affect 
cognition, therefore, it is possible that declines in hearing acuity precede declines in 
cognition.  This would agree with the evidence that has shown hearing impairments 
predict declines in cognition (Lin et al., 2011, 2013, 2014).  These findings are also 
consistent with additional findings that have shown significant cognitive impairments 
among people with long-term hearing loss (Horn, Davis, Pisoni, & Miyamoto, 2005; Kral 
& Sharma, 2012; Yucel & Derim, 2008).  This study spanned a relatively narrow range in 
age, and it is possible that more PTA-cognitive associations would be significantly 
moderated by age with an additional measurement later in life. 
The model of systemic correlated neurocognitive aging presents a simple and 
elegant model of aging, but it is important to examine its validity.  Additionally, the 
mechanisms underlying this aging process remain a central area of scientific importance.  
Despite  longitudinal studies that have explored common factor models (Anstey et al., 
2003; Ghisletta & Lindenberger, 2005), none have determined whether these factors are 
significant before that later phase of life.  Additionally, many have found inconsistent 
results.  It is my hope that with continued examination, future research will develop a 
more accurate understanding of sensory-cognitive aging and the underlying biological 
mechanisms that could be driving the process. 
Direct cause hypotheses, such as the Sensory Deprivation Model and the Sensory 
Degradation Model, assert that declines in a particular sensory function affect cognition 
in a domain that depends on input from that sensory function.  For example, by these 
aging models, declines in audition would result in declines in cognitive processes that 
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depend on auditory input.  However, this is not what is observed in these results.  Rather, 
the findings from this study illustrate associations between audition and cognition that 
extend beyond what would be expected by direct cause hypotheses.  Each auditory 
frequency category was significantly associated with cognitive domains that were 
auditory and visually dependent, suggesting a more complex aging process than what is 
suggested by direct cause models. 
 The VETSA sample is a representative sample of middle-aged men, but it remains 
unknown if these findings can be replicated among women.  While this study sought to 
examine correlated neurocognitive aging, it did not seek to determine if PTA is a 
predictor of cognitive functioning.  Among the elderly, Lin and colleagues (2013) found 
that hearing loss does predict accelerated rates of cognitive decline over the next six 
years.  There is little doubt these findings are clinically relevant for the elderly, it remains 
to be understood if these PTA thresholds during late middle age can be used as an early 
predictor of cognitive functioning when people have reached the elderly stage of life.  
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CHAPTER FIVE:  General Discussion 
 The early subjective observations of Galton (1883), Sharp (1899), and Wissler 
(1901) thrust the field of neurocognitive aging into the mainstream of scientific inquiry.  
While the past 130 years have seen psychological science become much more empirically 
based, researchers remain motivated by the same underlying question:  How does aging 
affect how we perceive and think about the world around us?  Over the course of decades 
of research attempting to shed light on this question, six models of neurocognitive aging 
have emerged.  Each of these models attempts to frame the interaction between sensory 
functioning, cognition, and aging in a simple way.  Because empirical results have 
challenged these simple theoretical constructs, in this dissertation project I examined 
neurocognitive aging unconstrained by any single model.  This agnostic approach may be 
better able to arrive at a model of aging that is more generalizable.  By adhering to an 
atheoretical perspective, this dissertation afforded an opportunity to evaluate the various 
competing models.  The results gathered from this series of studies did not offer support 
for any individual model, further underlining the importance of continuing research that 
is independent of model biases.  Continuing research that is model-agnostic will provide 
an opportunity to allow the data to be the building blocks for a truly accurate model of 
aging. 
 Direct cause models, such as the Sensory Deprivation Model, the Perceptual 
Degradation Model, and the Cognitive Load Model of cognitive aging assert that 
associations between sensory declines and cognitive declines are limited only to relevant 
cognitive domains.  That is, sensory function (e.g., vision) affects performance only on 
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cognitive tasks that require input from the same sensory modality (e.g., vision-based 
cognitive tasks).  The Sensory Deprivation Model presumes that cognitive compromise 
occurs due to a decline in sensory functioning causing neuronal atrophy in circuits that 
are specific to related cognitive domains (Lindenberger & Baltes, 1994).  The Perceptual 
Degradation Model also claims causal association between sensory functioning and 
cognition, but it omits the mechanism of neuronal atrophy (Humes et al., 2013; Monge & 
Madden, 2016).  Lastly, the Cognitive Load Model presumes a causal association 
between sensory functioning and cognition, but in the opposite direction.  The model 
asserts that cognition naturally declines with age, and these declines require more 
attention to be allocated toward sensory input.  This increase in the amount of attention 
required for sensory processing results in a loss of top-down control of sensory processes.  
A critical element of these models is that they require declines in sensory function to 
precede declines in cognition or vice versa.  In order to measure a decline, it is necessary 
to measure a change in the level of functioning; thus, a minimum of three longitudinal 
waves of data are necessary.  Additionally, researchers would not only have to verify the 
existence of a significant decline, but demonstrate that the declines in sensory functioning 
and cognition occur in the same temporal order that would be predicted by each of these 
models.  Since these studies only consisted of two waves of data collection, it was 
impossible for this longitudinal study to properly test this assertion.   
Testing the temporal associations between cognitive decline and sensory decline 
is not sufficient to verify causality as hypothesized by these models.  It is also necessary 
to observe if a controlled change in the independent variable results in a reliable and 
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measurable change in the independent variable (Kraemer, Stice, Kazdin, Offord, & 
Kupfer, 2001).  As an observational study, these analyses were not based on experimental 
manipulations of cognition or sensory input, making this element of causality beyond the 
scope of this dissertation project. 
Study 1 examined the cross-sectional, longitudinal, and genetic association 
between PTA and CS.  The hypothesis was that these two sensory functions would be 
correlated at both VETSA 1 and VETSA 2, and the longitudinal models would show that 
these correlations grow stronger with age.  Results from this study showed that there 
were only two associations between CS and PTA that grew significantly stronger with 
age.  While this could suggest that these sensory functions do not interact with age in a 
way that is predicted by the Common Cause Hypothesis, it is equally possible that the 
effect would be more pronounced if these measures were taken over a wider age range. 
Univariate heritability estimates were aligned with predictions of the Common 
Cause Hypothesis.  Specifically, since the Common Cause Hypothesis posits that the 
same genes are responsible for correlated declines in neurocognitive functioning as 
people age, it follows that performance in each cognitive domain would have a 
significant component that is heritable.  Moreover, it would be expected that the 
heritability estimate would increase with age.  This is precisely what the univariate ACE 
models demonstrated for nearly all of the frequency categories of each sensory modality.  
These findings show that there is a significant biological component influencing function 
in each sensory modality tested (vision and audition) as people pass through the midlife 
period. 
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The bivariate ACE model showed that some of the same genes influence vision 
and audition, with these correlations observed in VETSA 2 only.  The absence of shared 
genetic material between these sensory modalities at VETSA 1 means that there is a 
stronger shared genetic influence between CS and PTA at age 62 than at age 56.  Similar 
to the longitudinal findings, it is possible that repeating these analyses at a third time 
point will reveal that the same genes have an even greater influence on these two sensory 
domains later in life.  
 Results from the second and third studies addressed another critical element of 
direct cause models.  Direct cause models predict that CS would be associated with 
visually dependent cognitive domains, while PTA would be associated with cognitive 
domains that rely on audition.  While the data indicate an association between CS and 
visually dependent cognitive domains, this pattern does not hold with audition.  PTA 
appears to be associated with cognitive domains that rely on both vision and audition, 
which fails to support direct cause models.  While the analyses in these studies did not 
address causality posited by direct cause models, it is evident that associations between 
both sensory functions and cognition do not agree with what would be predicted by any 
direct cause model. 
 The Common Cause Hypothesis and the Multiple Causes Hypothesis are models 
of correlated decline.  They differ from direct cause models in that they presume one or 
more latent factors affecting cognition and sensory functioning.  According to the 
Common Cause Hypothesis, there exists a common underlying biological component that 
is driving both cognitive and sensory declines (Lindenberger & Ghisletta, 2009).  The 
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Multiple Causes Hypothesis posits separate factors effecting declines in sensory 
functioning and other factors effecting declines in cognition (Li & Lindenberger, 2002).  
The three studies that comprise this dissertation project did not explicitly test the 
existence of latent factors affecting the correlation between sensory functioning and 
cognition, but the analyses in each of the studies did address other central assumptions of 
these models.  These models predict that sensory functions are correlated with each other 
and correlated with cognition; additionally, this correlation would get stronger with age.  
The cross-sectional results from the first study showed that PTA and CS were only 
correlated at VETSA 2 at two spatial frequencies and none of frequency categories of 
PTA or CS were associated at VETSA 1.  However, the longitudinal models did show 
that the association between low frequency CS and each frequency category of PTA grew 
stronger with age, which would be predicted by these correlational models.  This age-
related pattern of increasing correlation was not observed for any of the other 
frequencies.  Additionally, while PTA and CS were significantly heritable, the bivariate 
ACE models showed relatively few associations that were significantly explained by 
shared genetic influences.  Despite that this does not disprove the Multiple Causes 
Hypothesis, it falls short of showing that PTA and CS share common genes across all 
frequencies, which would be predicted by the Common Cause Hypothesis. 
In addition to predicting associations among sensory functions, these models also 
predict specific associations between sensory functions and cognition.  The second and 
third studies provided evidence to examine these assumptions.  Both of these models of 
correlated decline predict that associations between sensory functions and cognitive 
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functioning would not be restricted to a single domain; rather, the associations between 
sensory functions and cognition would span across multiple cognitive domains that are 
not necessarily reliant on the relevant sensory function.  While this prediction was borne 
out regarding the associations between PTA and cognition, the correlations between CS 
and cognition offer different results.  Namely, CS appears to be associated with only 
performance on cognitive tests that were administered in the visual domain but not in the 
auditory domain, which does not agree with correlated models of cognitive aging.  
Additionally, whereas correlated models of neurocognitive aging predict that, the 
associations between sensory and cognitive functioning get stronger with age; few 
longitudinal results in either study were consistent with this prediction.  There is actually 
one association (between Executive Trails Switching and low frequency PTA) that 
became weaker with age, directly contradicting the assertions of these models. 
A goal of this dissertation project was to examine the associations between 
sensory functioning and cognition and determine if one or more of the six models of 
neurocognitive aging proposed in the literature could explain the results.  All of the 
models were originally developed from data gathered from individuals after they had 
already entered the later stages of life, usually after 70 years old, but it is reasonable to 
view the process of aging beginning before this period.  A model that captures an age 
range that begins before late adulthood not only holds scientific importance, but also 
promises to provide clinicians with a means by which to predict more rapid 
neurocognitive declines. The results from the present studies of middle-aged adults did 
not unambiguously support any of the direct causal models or correlational models, 
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suggesting that one or more models may be valid only for individuals in a narrow age 
range that has already reached the later stages of life.  Nonetheless, it remains important 
to develop a model of cognitive aging that includes individuals before they reach the late 
stages of life.  The current results suggest that an atheoretical approach to investigating 
cognitive-sensory aging may be best suited to arriving at a generalizable model.  
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APPENDIX 
1. Table of Demographic Characteristics 
Age 
Mean, sd, 
[range] 
Mean, sd, 
[range] 
  Age at VETSA 1 (mean, sd) 
(56, 2.48, [51-
60]) 
(62, 2.48, [51-
60]) 
  Age at VETSA 2 (mean, sd) (2.64, [55-66]) (2.64, [55-66]) 
      
Current Married Status n % of Sample 
  Married 860 (78.75%) 
  Single 55 (5.04%) 
  Widowed, but not remarried 17 (1.56%) 
  Separated 11 (1.01%) 
  Divorced, but not married 149 (13.64%) 
Education at VETSA 1    
  No Formal Schooling 0 (0.00%) 
  Elementary/Junior High School 3 (0.27%) 
  Some High School (No diploma) 11 (1.01%) 
  High School or GED Equivalent 320 (29.30%) 
  Vocational/Technical school after high school 196 (17.95%) 
  Associates degree or two years of equivalent training 239 (21.89%) 
  Bachelor's Degree or four years of equivalent training 223 (20.42%) 
  Graduate/Professional School 100 (9.16%) 
Ethnicity    
  Hispanic or Latino 31 (2.84%) 
  Not Hispanic or Latino 1059 (96.98%) 
  Declined to Answer 2 (0.18%) 
Race    
  American Indian or Alaskan Native 8 (0.73%) 
  Asian 0 (0.00%) 
  Native Hawaiian or Pacific Islander 3 (0.27%) 
  Black or African-American 45 (4.12%) 
  White 1009 (92.40%) 
  More than one race 27 (2.47%) 
 
Table 13.  Demographic characteristics of the VETSA sample. 
Numbers and percentages are from the VETSA 1 plus a cohort of participants evaluated 
at VETSA 2 with the VETSA 1 protocol.  The sample size after participants with missing 
data were removed was 1,092. 
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2. List of Cognitive Domains that were used in the second and third studies 
a. Processing Speed: This domain was derived from two subtests of the 
Stroop (Golden & Freshwater, 1978) and two subtests of the Delis-Kaplan 
Executive Function System (D-KEFS) (Delis, Kaplan, & Kramer, 2001).  
The mean of the Stroop word reading condition and the Stroop color 
reading condition were averaged with the D-KEFS Trail Making test 
(Trails) number sequencing condition and the D-KEFS Trails letter 
sequencing condition.  The resulting score was the metric used for 
Processing Speed.   
b. Visual-Spatial Ability: This domain was derived from the Hidden Figures 
Test (Gottschaldt, 1926) and the Card Rotation test (Ekstrom, French, & 
Harman, 1976; Wechsler, 1997). 
c. Short Term and Working Memory: This domain was derived from 
subtests of the Wechsler Memory Scale-3 (WMS-III) (Wechsler, 1997): 1) 
Digit span forward, 2) Digit span backward, 3) Spatial span forward, 4) 
Spatial span backward, 5) Letter-number sequencing adjusted for digit 
span forward, and 6) Reading span (Daneman & Carpenter, 1980).   
d. Episodic Memory: This domain was derived from the following subtests 
of the WMS-III and the California Verbal Learning Test-Version 2 
(CVLT-II; (Delis, 2000): 1) WMS-III logical memory immediate and 
delayed recall, 2) WMS-III visual reproductions immediate and delayed 
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recall, 3) CVLT-II total of trials 1 through 5, short delay free recall, and 
long delay free recall.   
e. Abstract Reasoning: This domain was represented by scores from the 
Wechsler Abbreviated Scale of Intelligence (WASI) Matrix Reasoning 
subtest (Wechsler, 1999).    
f. Verbal Fluency: This domain was derived from the total correct scores on 
the D-KEFS tests of Letter Fluency (F, A, S) and Category Fluency 
(animals, boys’ names). 
g. Executive Trails Switching:  This domain was derived from the D-KEFS 
Trails number-letter switching condition adjusted for number and letter 
sequencing.  This test measures an individual’s cognitive flexibility in 
shifting set between stimuli.  Adjustments were performed in order to 
isolate the contribution of cognitive switching abilities from Processing 
Speed abilities.   
h. Executive Category Switching:  This domain was derived from the D-
KEFS Verbal Fluency Test category-switching condition adjusted for 
category fluency scores.  This test measures an individual’s cognitive 
flexibility in shifting set between categories.  Adjustments were performed 
in order to isolate the contribution of cognitive switching abilities from 
Processing Speed abilities.      
i. Executive Functioning-Inhibition: This domain was based on the Stroop 
Color Word Test (Golden & Freshwater, 1978).  The interference 
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condition score was adjusted for Stroop word reading.  The adjustment 
was performed in order to isolate the contribution of cognitive inhibition 
abilities from Processing Speed.    
j. Young Adult General Cognitive Ability:  The AFQT is a general 
cognitive ability measure that was administered to all participants around 
age 20, at the time of military induction (Bayroff & Anderson, 1963).  The 
AFQT was originally designed to assess an individual’s trainability, but 
data have shown that it is also highly correlated (r = .84) with the 
Wechsler Adult Intelligence Scale after correcting for a restricted range 
(McGrevy, Knouse, & Thompson, 1974).  This early measure of 
intelligence provided an estimate of early adulthood cognitive functioning 
(Richards & Sacker, 2003; Stern, 2009; Tucker & Stern, 2011). 
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3. Figure of Stimuli for Functional Acuity Contrast Test 
 
Figure 2.   Functional Acuity Contrast Sensitivity Test. 
These are the stimuli used for the Functional Acuity Contrast Sensitivity Test.  Each row 
is a different grating, (1.5 cycles per degree (cpd), 3.0 cpd, 6.0 cpd, 12.0 cpd, and 18.0 
cpd).  Contrast decreases monotonically in nine steps from left to right with a range of 
.602 to 2.255 (.59%–25% Michelson contrast), and a log step increment range of 0.109 to 
0.176 (SD = .014).  The participant’s task was to indicate verbally the direction in which 
the lines were oriented.  A contrast level was determined for each spatial frequency by 
finding the minimal perceptible contrast level needed to correctly identify the orientation 
of the grating for a given row. 
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